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A LOS ASISTENTES A LOS CURSOS DEL CENTRO DE EDUCACION 
CONTINUA 

Las autoridades de la Facultad de Íngenier!a, .por conducto del Jefe del 
Centro de Educaci6n Continua, otorgan una constancia de asistencia a -
quienes cumplan con los requis.i tos establecidos para cada curso. Las 
personas que deseen que aparezca su titulo profesional precediendo a -
su nombre en .la constancia, deberán entregar copia dél·mismo o de su­
cédula a más tardar el SEGUNDO.DIA de clases, en las oficinas del Centro 
con la señorita encargada de inscripciOnes. 

El control ·de'asistencia·se ll~vará a cabo a través de la persona encaE_
1 

gada ~e entregar las notas del curso.· Las inasistencias serán co~puta­
das por·las autoridades del Centro, con el fin de entregarle constancia 
solamente a los· alumnos que tengan un m!nimo del 80%· de asistencia. 

Se recomienda a los asistentes participar activamente-con sus ideas y 
experiencias, pues los cursos que ofrece el Centro están plarieadbs para 
que los profesores expongan una tesis, pero sobre todo, para que coordi 
nen las opiniones de todos los interesados constituyendo verdaderos se= 
minarios. 

Es muy importante que todos los asistentes llenen y entregen su hoja 
de inscripci0n al inicio del curso. Las personas comisionadas por al­
guna insti tuci6n deberán pasar a inscribirse: en las oficinas del Centro 
en la misma forma que los demás asistentes, entregando el oficio respec 
tivo. 

Con objeto de. mejorar los servicios que el,, Centro de Educaci6n Continua 
ofrece, al final del curso se 'hará una evaluaci6n a ~ráves de un cues-­
tionario diseñado para emitir juicios an6nimos.por parte de los asisten 
tes. 
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Fecha· 

Nov. 27 

Nov. 28 

Nov. 29 

Nov. 30 

ANALISIS EXPERIMENf AL DE ESFUERZOS 

Duración 

·9 a 10:30 a. m. 

11 a 12:30 h 

14 a 15~30 h 

16 a 17:30 h 

9 a 10:30 a. m. 

11 a 12:30 h 

14 a 14:30 h 

16 a 17:30 h 

9 a 10:30 a. m. 

11 a 12:30 h 

14 a 15:30 h 

16 a 17:30 h 

9 a 10:30 h 

11 a "12:30 h 

14 a 15:30 h 

16 a 17:30 h 

Tema 

Intnxiueción 

- Fundamentos de Mecánica 
,, 

Anál-isis de Mo::ielos 

Análisi$ Dinámico 

Fundamentos de Mecánica. 
:i 

Fotoe1asticidad 2D y 3D. 
" 

AnálEi.s ae M<Xle1os 

Análisis Dinámico 

Fundamyntos de .Mecánica 

Fotoe lasticidad 2D y 3D 

Mét<Xlos ··Estadísticos 

Mét<Xlo de Moire 

Fundamentos de Mecánica 

Fotoelasticidad 2D y 3D 
" 

Fotoe1atfcidad Reflectiva 

Méto::io de Moire 
~¡ -

Profesor 

Dr. Mik1os Hetenyi 

" 
, , 

Dr. Luis A. Ferrer Argoite 

Dr. M:ihir Sen 

Dr. Mik1os Hetenyi · 

, 
" " 

Dr. Luis A. Ferrer Argoite 

Dr. Mi.hir Sen 

Dr. Mik1os Hetenyi 

Dr. Mik1os Hetenyi 

Dr. Luis A. Ferrer Argoite 

Ing. Alfonso 01 vera López 

Dr. Miklos Hetenyi 

Dr. " " 

Dr. Salomón Redner 

JDg. Alfonso 01vera López 

# •• 



Fecha Duración Tema Profesor -2-

Dic. lo 9 a 10:30 a. m. Strain Gages Dr. Miklos Hetenyi 
,; 

11 a 12:30 h Fotoelasticidad 2D y 3D lf " " 

14 a 15:30 h Fotoe1asticidad Reflectiva Dr. Salomón Redner 

16 a 17:30 h Métcxl o de Grid "' Dr. Luis A. Ferrer Argoite 

Di~. 4 9 a 12:30 Dr. Miklos Hetenyi 

17 a 18:30 h Lacas Frágiles Dr. Salomón Redner 
19 a 21 h Laboratorio · Ing. Alfredo Olivares Ponce 

Dic. S 9 a 12:30 h Dr. Miklos Hetenyi 

17 a 18:30 h Esfuerzos Residuales · Dr. Salomón Redner 
19 a 21 h Laboratorio Ing. Alfredo Olivares Ponce 

Dic. 6 9 a 12:30 h Dr. Miklos Hetenyi 

17 a 18:30 h Strain Gage s Ing. Alfredo Olivares Ponce 
19 a 21 h Laboratorio " " " " 

Dic. 7 9 a 12:30 h Dr.· Miklos Hetenyi 

17 a 18:30 h Strain Gages Ing. Alfredo Olí vares Ponce 
19 a 21 h Laboratorio Dr. Luis A. Ferrer Argoite 

Dic. 8 9 a 12:30 h Dr. Miklos Hetenyi 

17 a 18:30 h Transductores Ing. Alfredo Olivares Ponce 
19 a 21 h Mesa Redonda Tcxlos los Profesores 

Clausura 

1 prl c:s. 
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TEORIA DE LAS BANDAS EXTENSOMETRICAS 

1:1 Generalidades -
Con el anunciamiento por.Robert Hooke en 1,678 de la 

le~~relaciona las tensiones y deformaciones_en materiales s9metidos 

a solicitaciones mec6nicas y el posterior ·descubrimiento e~ 1,856·~ 

de Lord Kelvin referente a las variaciones que en su resistencia s~ 

fre un conductor el,ctrico cuando se modifica su geometría, se est~ 

blecieron los principios fundamentales de la extensometr!a el,ctri­

COJ si bi'n su nacimiento ha sido m~y posterior, pudiendo decirse -

que fu' a partir de la II guerra Mundial, cuando su aplicaci6n emp~ 

z6 a vulgarizar~e. 

En su forma m6s elemental, una banda extensom,trica 

(Strain-gage; jauge 'lectrique d'extensometrie) est6 constitu!da -

(fig. 1) por un hilo met6lico muy fino en forma de "parrilla" mon­

f F 
tado sobre un soporte, de tal man~ 

ro, que la mayor parte de su longl 

tud sea paralela a una diretci6n fi 

ja. Si deseamos conocer las deforma 
-

V 
1 1 

_A 

=- ~ 

F 

·r ... ' , .. 
_o_ 

i 

ciones de una estructura seg6n una· 

direcci6n, pegaremos el extens!me -

tro con sus hilos paralelos a dicha 

direcci6n y al defqrmarse_aquel1a, .~ 

producir6 variaciones en la geometría 

del hilo del extens!metro que origi­

nar6n una variaci6n de su resisten~ 

cia; por lo tanto disppniendo de i~ 

trumentos capaces de medir·variació­

nes pequeRas de la resistencia ori­

ginal del extens!metro, podemos cono 

cer las deformaciones mec6nicas de -

la estructura en la que se peg6, 
1 

La Resistencia de materiales nos enseña las leyes que 

ligan deformaciones y tensiones, siendo la extensometr!o la t'cnica 

que permitir6 conocer el estado de tensiones de un cuerpo a partir 

de la medida del estad~ de deformaciones, sin necesidad de recurrir 

a ensayos destruct~vos, pudiendose efectuar un n6mero ilimitado de 

me~iciones, pu's si bi'n el extens!metro una vez pegado es irrecu-
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peraole, sus cualidades con el tiempo _per.duran,· dentro de los limite~·' . .;:\_ 

de utilizaci6n. 

Por tanto, una banda extensom,trica actua como elemento 

transduct,or, transformando la variaci6n de -una magnitud mec6nica en -

la de una el,ctrica, facultad 'sta que se aprovecha para fabricar caE 

tadores sensibles a ciertos par6metros mec6nicos, pudiendo as! evitar 

se el inconveniente de su no recuperaci6n. 

Actualmente el desarrollo de las t'cnicas extensom,tri­

éas, ha alcanzado tal grado de perfecci6n, que normalmente los probl~ 

mas de medida de deformaciones y tensiones que puedan presentarse en 
·, 

~-

ingeniería tienen soluci6n, determin6ndose con exactitud la evaluaci6n 

de fen6menos cuya influencia en la realizaci6n de proyectos es primo~ 

dial, con la ambiciosa meta de fabricaci6n con coeficientes de seguri­

dad pr6ximos a la unidad, sin perdida de garantías funcionales. Reduc­

ci6n de costos de fabricaci6n, control de calidad, homologaci6n de mar 

cas, investigaci6n, estudios y ensayos, mejores de fabricados, nuevos 

diseños, etc, etc, son logros, que incluso a corto plazo, se consiguen 

con equipos· sencillos elementales y econ6micos~ 

1.2 PRINCIPIOS TEORICOS DEL EXTENSIMETRO OHMICO ..,..._ 

Consideremos un extens!metro formado por un solo hilo 

conductor unido-a una estructurar de tal forma, que las deformaciones 

que pueden producirse sean id,nticas en ambos (fig 2). 

---· ·-·--- e 
·o ·~ 

F 
--~~--·-·-~·r---------------~--~~~/ ~ 

La resistencia R del hi 
lo tiene por valor: 

~ 
R= f s 

( r = resistividad) 

Si el hilo sufre una deformaci6n (alargamiento), la lo~ 

gitud 1 aumenta, la secci6n S dismi~uye y la resistividad ~ar!a dando 

lugar estos cambios a una variaci6h del valor¡de R que podemos obtener 

diferenciando (1) y despu's deducir la relaci6n entre la deformaci6n 

el6stica del hilo y la variaci6n relativa o unitaria de resistencia, 

en efecto: 

-2-

' ,.S f d f t f d e ) -p [ clt~ < d R : __ , __________ · · 

L2] r-ur[1J 
dR 
-Q--

S2 

de · ct_.l _ 
~r-- i f-

, .. e:: 
d. _¡ 

(2) 

[_3] 

.. 

·' 



La (4) podemos escribirla como: 

ct~ dp ct.b - T R =1+ -2. .1J 

d. e d.~ cti 
T T T 

pero el 6ltimo t~rmino del segundo miembrop es la expresi6n del co!!. 

f . · d P · d.D ct e _ rL 1. t · t d t d 1 lC 1ente e o1sson b : T-::. 7 _ , uego sus 1 uyen o en emos e 

valor de la relaci6n entre la variaci6n de resistencia y la deforma 

citSn unitaria. 

d.R df 
[sj 1< - i+- f 

'-t- 2 y &t - d.J. 
T T 

al segundo miembro de (5) se llama factor de banda ~ de sensibilidad 

K; 

Bridgaman enuncieS que la variacicSn relativa de resistividad ~de_ un cor.t 
_ _,_ -~ 

duc·tor es ·proporcional a. la variaci6n relativa de· vol6men de dicho 

conductor 

~ = e ~ (e= c;,n~~:a_n.te. de t>n.~~n. L -~ tn 
Si. V d .• S f ~ sv .. tY t.._'aencl., L+J ~n [51 

~:: ( (! +2jt)-t- e (!.- 2JL)] ~ - - - [8} 
Hasta aquí, he~os considerado la seccicSn del hilo circular, pero en 

las modernos b .ndas impresas la seccicSn es rectangular y la varia-

cicSn de resistencia dR funcicSn de las deformaciones que expe-
R 

1 

rimenta la banda en las tres dimensiones se calcular6 .a..sL; 

)-y Siendo~ (fig. 2a) 
. .Q. 

R::.f \5 ct.. 

y las deformaciones seg6n los eje·s 
X,Y,Z son: 
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ctct e{( 
[ z - ·-- -- , -- ).l - .. 

Cl t 
L' 

diferenciando logar!tmicamente la~tendremos· 
d.R c:tr dl ri.ct ci l-· . e ,( v _

1 
r\( ~ n 

R : -f- +- -r-- - -'"'--- - -·-l.:· '• L n 

::_e ( ~L + ~~- -t- ~&t~) -t- -q~ - c4~~-- -- ct L 

y llamando 

queda 

- C(f"--,)J.E" -./.u~d.+-f 1 )+- r_... ~u~·,(~ u ~J- ¿,\-
- [)4 Le e~ ~ij.t) + i ;- lA. J + f 1 (e ~) (i -LL) 

k,'; e (J-h) t- 1. +- Lt. 

k 1 ~-e c. -1.) (1- t-t) 

d .., 
K 

R 

Ll ; f • • : 
,,, ·.:~, 
1 ·-~.-' 

! ) 

La (10) nos indica que una banda extensométrica es sen­

sible a la deformaci6n longitudinal segdn la direcci6n de los hilos -

activos, pero también a la deformaci6n transversal, siendo esto dlti­

mo un inconveniente que puede introducir errores. Si el valor de la -

constante de Bridgman se consigue que valga la unidad, .K2 =0, pero pr6s 

ticamente es muy dificil de lograr, por lo que se tiende a buscar un 

compromiso que haga K2 lo menor posible y por lo menos que permita e~· 

nocer el error que su presencia introduce en la medida. Veamos como -

se logra. 

La (10) puede escribirse: 

df? . ) ¡:;: /<:1 { ~~ +-. kc ~:; . -
siendo ki:: f~. · = factor de sensibilidad transversal del extens!me-

1<.1 
tro. Sustituyendo: 

~~: l-'1 (~_.. - k~ k ,s_..); k1 (.1 /k kt) E.< =- K E/( -· 

. El factor. de banda dado· por el fabricante es k: Ki (.i -jl K.t;) 

·La expresi6n: kt lt -rtl) ' , 
.e. = :.._ -: · · .. · - - · ····-- - ~ 1 e o _ 
. ) ·- u. 'Kt 

; 

para .U. : 0,2.8 5 
/ 

nos d6 el error en % 'que sobre la medida de la deformaci6n segdn 

introduce el factor de sensibilidad transversal. Vemos que en el caso 

en que la direcci6n de EA coincide con l9 direcci6n de tensiones uni­

direccionales (tracci6n o compresi6n simple) el error es cero, pues 

"(. 

,\ 



se cumple que 
y 

(fig 2b). 

Seg6n la fig. 2c vamos a medir la de 

formación lateral .correspondiente a F--L--·j~--~~ ª~::~e,.=····J -- r un estado unidireccion-al de tensiones,. 

aquí por el giro dado al extens!metro, 

,x 
1 ;t - - F 

\E;.=-f 
Y/,__. -E~ 1 . 

se cumple que : 

E.>' = -} E j' 1 . 
[)<- /-' 

Si consideramos }J.: 0,3 J kt =- 3% 
tituyendo en (lla), el error vale~ 

e: O, 03 (-o!~ r-O,a) )( 1oo : - 9,% 
/ +-0, 3. 0,03 

sus 

Íivs 2c 
El error del-9%.no puede despreciarse y a6n cuando en-

el ejemplo se ha buscado un caso m_uy extremo, habr6 que evaluar siempre 

la magnitud del error y considerar si debe o nó despreciarse. 

El problema en el caso que se conozca la dirección pri~ 

cipal de.deformaciones (fig. 2b) no tiene importancia¡ pero como se­

ver6 posteriormente en el caso de ros~tas de dos o tres direcciones -

el error por efecto de la sensibilidad lateral ~uede tener influencia, 

pués se estar6 siempre entre las dos posturas extremas presentadas en 

las.fig. ~by 2c. 

1,3o OBJETO DE LAS MEDIDAS EXTENSOMETRICÁS: Unidades 

Los ma-teriales empleados ·en la- faóri-cacf<Sn ·de -m6quin.as -· 

o cualquier elemento sometido .a solicitaciones externas, sufren en ~u 

estructura interna unas tensiones que deben equilibrar las cargas que 

soportan para que no aparezca la rotura, sobredimensionandose siempre 

los diseños para obtener un coeficiente de seguridad adecuado. Eviden 

temente el m6ximo conocimiento del estado de tensiones ayudar6 a mej2 

rar el diseño y a reducir el coeficiente de seguridad, pero la medida 

directa de ten iones no siempre es posible. 

Demostrare~os en este capítulo, que si conocemos el es 

todo de deformaciones en un punto, podremos calcular el estado de ten 

sienes del mismo y determinar el valor de tensiones cr!ticaé {tensio~ 

nes normales m6xir11C1S o combinación, en una drterminada .dirección de -

·tensiones normales y cortantes, que puedan representar un fallo). 

El estado de deformaciones se determinar6 a partir de 

las medidas, que en una, dos·o tr~s direccion~s, que se efectue~ con 



extens!metros. 

Salvo ca$oS muy especiales, la aplicaci6n de las bahdas 

extensomltricas ser6 ~iemp~~ en la superficie de los elementos de en 

sayo, por lo que solo estudiaremos el estado plano o binaxial de de­

formaciones y ·tensiones en un punto. 

El concepto de deforma'cion• es an6logo al de alargamié!l 

to unitario y lo representaremos por E midiendose en microdeformacio 

nes(J-6} · . 
· jG d.t 
é.lO: T 

e; \ 
JO::. u..o_ _ .microdeformaci6n (adimensional) 

./ 

Diversa literatura suele expresar las deformaciones en 

mic~omilimetros/milimetro o micropulgada/pulgada, creando a veces al~ 

guna confusi6n, en realidad es decir lo mismo dé una o de otra menra, 

ya que se trata de la misma unidad por lo que nosotros recomendamos 

referirse siempre a¡-'Ó • 

El m6dulo de elasticidad E y las tensiones se expresar6n 
2 en daN/cm , aunque en algunas tablas pueden aparecer estos valores en 

Kp/cm
2 

o Kp/mm
2

• 

1.4 ESTADO BIAXIAL DE DEFORMACIONES 

El rect6ngulo elemental de la fig. 3 

de lados dx y dy tiene como posible~. 

las deformaciones lineales seg6n los 

ejes X e Y ya definidas y de valor: 

[;< 
é --¡( -

c:lx. EJ~ ~~ 
originadas cuando la direcci6n del 

alargamiento coincide con los ejes· 

X e Y respectivamente y otro tipo de 

deformaci6n llamada .angular que apa­

rece cuando hay un desplazamiento -

transversal de los lados dx y d~ que 

motiva que la forma rectangular ori­

ginal se convierta en rombica. La de 

formaci6n angular a)(~ se define como 

la surna de los desplozamill3ntos tron~ 

versales divididos por las longitudes 

or iui11C.lAS que no le son paralelas es 



y' 

oec :L r·; 
bl ~; 

~)(~ ~ -t + -:t--~ ~1.-t~ ~· ~ ~4+ ~7. 
. ~ 

La deformaci6n angular se considera 

positiva si supone una disminuci6n 

del éngulo recto original por una 

extensi6n.-

En un punto arbitrario (fig.4) de 

la superficie de una pieza car~ada 

podemos a!slar un elemento infinis­

tesimal de material para estudiar -

sus deformaciones en el plano XV y 

para ello apl~caremos el principio 

de superposici6n,,por el cual la de 

formaci6n total ser6 la suma de las 

deformac~ones parciales, es decir, 

la suma de la deformaci6n lineal s~ 

gón los ejes X e Y respectivamente 

y la 'deformaci6ri- angular ~.)(~. 

Vamos a· relacionar los valores .de la:.:a 

deformaciones segón los X-Y con·otro 

conjunto de ejes X'-Y' que forman un 

éngulo 8 . Al dngulo 9 le considerar.!· 

mos ~positivo en sentido ~ontrario 
--~~ ~=-

al de las agujas del reloj. 

En la fig. 5 se observa la ge~metr!Q 

del elemento infillitesimal referido a 

los nuevos ejes X'-Y', el alar~amien 
ó 1 -

·t , 1 o X ' L E - X o segan e eJe sero: ~<'---o--:, a.x -



Si expresamos la (12 y (14) en funci6n del 6ngulo doble podemos es­

cribirlas 

E.)(.' -
e.,.. +f"t 

- 2 
+ e .. ;~ 1 c.o~.l-9..- ~;t -11M- .2 61_ _ _ _ _ _ _ [1.5) 

~f1 E~- ~K 
2: 

-::.. 

2 
J.eh\. !l. 9 + & (.ff) :¿ 9 - -

:1. 
-- _. - li{;] 

Por ser funciones peri6dicas tendr6n un m6ximo y un mínimo que calcu . 

!aremos derivando la (15) respecto a e e igualando a cero. 

ex -t} ~~Z61+ 2 ~1 t-41:¿f} ~o 
~ . :J, 

rct ~ GM·m :: ~¡(1(7... - ['lt] 
á €r.ft 

de donde sustituyendo ~n ( 15) 

é:J''tM-b\) :: . ~74 +1"'t t 
~ 

:; t",od-f'f' + f.l,.-r:'J: )2 tKill )2. · [18] 
a. - e 2 · +\": 2 - - --

Los subíndices M-m indica~ los valores m6ximo y mí~imo, en efecto 

hay dos valores de 2 e M-m que cumplen la ecuaci6n ( 17) ya que 

tta.,.-29~ rca l'l9.,.tt) o sea que las direcciones de las deformaciones m6xima y 

mínima son perpendiculares entre s!, verific6ndose adem6s que ia de- • 

forma~i6n angular es nula como se demuestra sustituyendo la (17) en 

la (16), la fig, 6 aclara lo expuesto. 

p ~ ,.. 
'".lS;l...) 

- El valor m6ximo de la deformaci~n 

angular se obtiene por el mismo pr~ 

cedimiento y t~ene por valor: 

demostr6ndose que su direcci6n forma 452 con respecto a las dire~cio 

nes principales, 

Si el 6~guloeMque el eje arbitrario X' forma con el eje 

X hacemos que sea·nulJ las expresion'es (18) y (19) se pueden escribir: 

f...:'(M-m) 
e, + Í¿ r l... - ['¿ 

:. 
2. -- 'L 

-8-



siendo E, ~E2 las-deformaciones segón las direcciones principales. 

Para cualquier otra direcci6n que forme un 6ngulo ~ 

respecto a las principales, las fcSrmulas quedar6n: 

~, +l;a. e¡ -!'a 
(~ ~ ~ + ---~-----

~~ l,-t'Z 
-:.. 

2, 2 
sd: llamamos: 

&.~ !,+f':t 

~ 

t.., -e 'l. 

éo1.. = d.+ r c..o:S 2e~. _ 
~tJ ' 

- ':: ( ~(.,n. .20{ -
2. 

_ [2oJ 

[2i) 

__ (21.] 

-:._- -[23] 

45• ESTADO BIAXIAL DE-TENSIONES 

y 
En una ba.ra prism6tico somet{da o una extensicSn 

pura, se llama ~ensi6n (esfuerzo o fatiga) a la 

fuerza que actua por unidad de superficie; 

F" G'";c =: ~ (S: sec.c.~n. .:le~u..n. r- r') 

si consideramos otra seccicSn S' {segdn p'-p) cuy 

normal forma_un 6ngulo9 con el eje de aplicaci6n 

de- fuerzas,· la t~nslcSn segCu1 el eje X valdr6: 
·x · . r- f · 

(S""" :; s ': s U:S e ':. <r~ ~ a 
y descomponi~ndola en las di rece ic;>nes normal y tan gene ial resp.ect iva-

mente de p-p' tendremos· que: 1 • 

<rn = ~ lcl e~ e -:. <r"p. t...ot
1&- - - - ~t'l~] 

t ! " r :. G; l-M 9 :1tA\. 9 : 2 <J~ ovn.. 1&- - - -(25. 
llam6ndose el valor (24) tensicSn normal y al {25) tensi6n cortante. 

. ' : 

E~tudiaremos el estado biaxial de tensiones en la su-

perficie de un ,_uerpo que no e5t,¡§ \sometido a presiones exteriores; 
1' 
¡' -de formo an6logo a como se desa:·rol,la el caso· de deformaciones, para 
/. 

ello ~islemos un elemento infiniteJimal de lados paralelos a unos eje 
1 

X - Y, las acciones que actuen sobre el elemento originan mas tensio-
1 

~::g~o:~les y cortantes que mantiren el equilibrio del sistema. -



\~. 
y ~) 

Las tensiones normales serán positi ~ 

~ 

~~ 
7:. Y" 

G";c 
X 

!}(~ 

a-t 1~8 

y 

t{&-ri-) 

(f ( ff;- ; ) { i $ 9 

vas en caso de tracci6n y negativas 

en caso de comprens~6n, as! mismo -

las terisiones cortantes se consideran 

positivas cuando producen un par en 

sentido de las agujas del reloj y ne 

gativas en cas~ contrario. 

En la fig. 9, vemos el elemento infi 

nitesimal referenciado a unos ejes 

que forman un 6ngulo 8 con los X-Y'; 

buscaremos el valor de las tensiones 

ligadas a la nueva orientaci6n de 

ejes, para ello tengamos en cuenta 

que el ~quilibrio debe ·ser de fuer­

zas, en efecto: 

(S""9 S :. ~,., S t.ci G l-a! & +~~S ~ & ~ e ... c~J S 411 9 1Lu ~ T ta " S lf.Lu. 9 ~ 8- ::. 

: ~,..S c..cril& +\ll ~~S+ . .t l..:~~ 'U.u. e- ut e . 

~ ":. ~ Ch!l (7 +<J'a 1t-«.2 9 + ~ (:"d tu.l & Ck/ ~- -

l:o : - ( (),. -rr 1 ) ttu G '-~ & ~e ~<>f {) T L;oc ~ (Uf 1 tJ - 'la.t.l9) -

ecuaciones que expresadas en funci6n del 6ngulo doble nos dan: 

- [28] 

Si derivamos la (28) respecto a & e ig_ualamos a cero, encontraremos 

los valores de G que hacen máximo y mínimo a dicha ecuaci6n: 

rf ~-
' 

1
í - (u-" -:r'd ) ·tu\ .te + Q, L.¡¿ 1l cd ~ ~ :.. o 

AB ~· 

ta .~ 8 :_ j~ 2-eH-m.. ~ ·e~~ 
~ d' K· m · (,~ -0 e cr; ~¡:.,. \-\-"""' ~r" 

Por consideraciones análogas a.las B hechas en el estudio de la defor-
1 
1 . -

maci6n biaxial, se· ded• ·cen que hay dos\ planos perpendiculares. que -

corresponden a las di r ..:cienes en que 1Las tensiones normales. son máxi 

ma y mínima respectivamente y ~n las c~6les las tensionas cortantes 

son nulas; \ 



, . b1o] 

De la misma forma encontraremos que: 

tM-rn. ~ :t: (u; ~tt} )\- (e,~ y-_ - - l_.a 11 
El valor m6ximo y mínimo de la tensi6n cortante .se encuentra pefasado 

45Sl respecto o los valores principales de las' tension'es normales. 

Haciendo que el 6ngulo e M-: o· tenemos que:,. 
; ~ ~ '. 

(f. ~ \íj + (fl.· 1- ~. - <fi 
M· h\ - :2, . - ~ 

L' . - +- cr,, +\1'i 
~- \'\\ - - 2..' :. 

i.> • .. ,.,. ~~- :-l t \ .. ;., 

siendo ~., .. ~ _.f":z, ., e}, ~a~l8t. -~~~t.~~-~ }"en.s:io•les --r.~"!l?:~e_s·_, m4_xirna· y m!nima; 
. las tensiones en e ualquier di rece i6n que formen un .6tigulo o<. con l:ás 
' . . . . ' ' - . . . . .. ~.. . .• ' . '· . . - .. . . . . . . ... . . . . .(; .. ·. . . . -~ . ' 

prin¿ipales, tienen de valor: 

. <!"~,;-. . <S·z~'ll: ··t·~,_(), ¿<r~. .. _.,_: -

"t~· ~: G"", .. ()~ \ ~- .i ~~--
Llamcmdo; i ·· ~.. , "~; 

•_i. 

. '; 

·. ~· 

<tt ~ b + r L4f -~ ~ 
~ - f "." ... ,., ... ~j i',~.: \, ._, ' . . ··~ ... '. ( _ 
_ Lo(.- ""(.'" "- "'- ·;;·· ~ - -

.1 

1.6 RELACION. ENTRE D~FORMACIONES Y TENSIONES 
'· ... ; .; ·• .. , ... ... 

_· (321-

:_[~2 1,~ 

[33} ... ~ 

-~41 

;--- - (35}. 

'-·· - -(~:b'J 

- - - [3·11 

.. 



llam6n9ose a G coeficient?. d~ elo~>ticidad a cor·tadttra. 

Recordando las relaciones: ... 
E, + Etz. IYI-t-tr't . d.:::. ó -: 

L 2. 
r - E, ~E2. f: r:r, -6"""2 -

deduce -0 2. se que: 

6 ':. <r; +<f""l.. t., +f2. E d. "E (38). 
:: - -. - - -· 

2 ?.. )-y )-f 
e:,- e:1 -=- cr, - (\ 2 

) +)l 

E 
f ~ <S'", -~l.. - t', -i-z t E (39) - ' - -- ---

2. - 2 )+-f-' 
-

)T)A 

1.7. REPRESENTACION GRAFICA DEL ESTADO BIAXIAL DE TENSIONES Y DEFORMA 
ClONES¡ CIRCULOS DE MOHR 

Una de las formas m6s sencillas y usuales de represent~ 

ci6n del estado plano de deformaciones y tensione~ es el círculo de 

Mohr. Recordemos que la deformaci6n en una direcci6n cualquiera que 

forma un 6nguloe( respecto a las direcciones principales tiene por 

valor: 

Podemos representar pr6cticamente ~stas ecuacion~s seg6n la fig •. 1¡, 

pu~s se cumple que: 

4 E1 

é'J. 

o 

~ !S"; 

~l. 

·o 

E. 

{i_gH 

\) 

fi$1~ 

Observemos que el valor m6ximo y el 

mínimo_ 

La fig. 12 nos indica el circulo~de~ 

Mohr para el estado de tensiones· y 

vemos su similitud con el de defor-

mociones. 
. rrd..:. ¡¡¡:¡ -=- 6 ...- r '4.1 .2 ol 

'l-~: 1-11/' = f Jt.n.. ,Z o.t. __ 
.. 
-li)-



En el dominio el&stico de los cuerpos isotr6picos, -. 
existe proporcionalidad entre deformaciones y tensiones, por lo que 

los circulas representativos de ambos valores son conc~ntricos. Los 

coeficientes de proporcionalidad han sido deducidos en el apartado 

1.6 (fig. 13}. 

{i_$ i3 

l. 8 EJEMPLOS DE APLICACION DE LOS CIRCULOS DE MOl--IR. 

N2 l. Sobre el elemento de lo fig~ 14 actuon las ten­

siones que se indican. Calcular analítica y gr6ficamente el valor y 

direcci6n de los esfuerzos prihcipales. 
~:: -iSocLa,I'J/~"1. 
ry·1.oo tJjc.m} 

cr-t.\ -ll\ : --.;!_5 _o _+ ~(-..::::...!S_o_:.) t­
:¿ 

~::::-./. <1,.:. -!oo d.o.. tJ / ~ 
----141:~.~.. ---x 

~ "'l:. too d.h.-tJ/clt\"1. 

gi$15 

b :. -!o o +(·foo}-: _! 
00 

. . 2 ' 

f :: ± (-ioo; L·ioo) \.1 ool. : io o 

~ ., _. ioo 
v(r ~ = --~~o-o--L-.-!-o-o-:)- :: -OD 

1 

<S"'"M-= 8 +r ~- ioo+ioo -: o 
~,: 6.,.f :- i,oo-ioo =-2oo 

t:;..l.: ¡, s(J 

1 

·! 
' - ~ -~ 
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C6sos típicos de aplic~ci6n del circulo de Mohr. 

TORSION 

. 
TORSIOH Y TRACCJON 

QM· 

TRACCION 
y 

!i~l8 
C\LINt:>RO BAJo P~€ S ION 

y 

~io 2o 



/ "';, 
.; --·\./ Bandas_ de tres direcciones o rosetas (Rectangulares) 

Considere~os el valor de las deforma­

cion~s (fig. 21) en direcciones A, B y C que forman 

los· dngulos 6A,eB y ec respectivamente con el eje X 

de únos ejes arbitrarios X-Y, tendremos·: 

. EA: (,~f[l t- e:.~€1 =tll,+ t~t kn.~9._ 

Si 

€8 ; ¿)S~'!; + t'JO-f} GaS19R+ (,..l Jen.t9a 
2, !l, u 2 

E.c;:. t:...,+t:'' + t'.,..- El U11~ {;)t: + ~l:. dUt. ~Oc.·. 
2. 2, . 

hacemos que: 

9A-: 0 . 

EA ~ E,c 

€ - €'"' 1-t't ¡.-
2J 

& .rt ,= -4 

.h. 
+ ~ 

J 

e14 ~rA 

ér e-e 

nos queda:· 

- ----------

y 

é e= €') 
~ •}: 2 fp,- (fA - ( 8) ': ( ( 1 • éA y+ ( f 8- (e) _ - - [ l, 2] 

., 

Sustituyendo las (41 y (42) en (18) y (19) y simplificando tenemos: 

e .. ~ E .. t" + k Ve f,-~,.)" ~ (E.,-~"' )1
_ [43)_ 

-. . ---A~ ·-· . -. -- . ~ -- . -- . 
.. · - é...;: €,~€<: - ff V (E. -Es)l +- l C¡ -E e J'- . 

~M-m:±'(i V lEA·z,)"t~(tr,-Ec)~_ 
-br t &M: f (€a- t:~o) +(la -Ec )_l _ 
·¡ l fA-fe ] 

_· (45) 

[Ab"] 
El dngulo ~ sereS el que forma la direcci6n principal mdxima con la 

M 1 

direcci6n A. . 

Los valores de las tensi~nes mdximaiy mínima 

(l.: E \ E"4 1-€'c + (f \/ (\ '1 (_. · . )1 
M· ... ' T l ) -J - J+¡ l r !& \ + Ea.- fe - - -

. E . . 
[~a] L~o~ = Vi{J+Jl) Y (~.-t,.y-J\(t.-t:c.)z.. __ 

Las f6rmulas (47) y (48) dan ati·rectamente los valores de las tensio 
1 

nes principales a partir de los valores de las deformaciones en las 

direcciones A, B y c. 



Las ecuaciones anterio:· es corre$ponden a uno bonda ex­

tensom6trica roseta rectangular como la indicada ~n la fig. 22. 

· determinad~r= Co' 

Vamos· a ver gráfi~amente como se 

determinan las deformaciones prin-

cipales a partir de las deformaci2 

nes f.,~f6 ~fe. valiéndonos del c!rcu 

lo de Mohr. 

Sobre el eje. x (fig. 23) traslade­

mos los valores f"4 ; ( 13 J í e • En e 1 

círculo €¡. J t:c tienen que estar -

defasados 1802; por lo que el cen 
J CA+Ec, • 

tro del mismo será. ct: 2 1 la d.!_ 

recci6n de EB estará en el c!r 

culo defasada 902¡ por lo que debe 

cumplirse la igualdad de los trián 
A, ó -

gulos .O'BB ::. o'cc 1 con lo que hemos 

En el círculo observamos que desde el punto A que corres 
., -

ponde a EA tenemos ,que correr un ángulo positivo .2oi. para llegar a 

( 1 :. EM ¡ por lo tanto y sobre la· banda roseta desplazaremos un ánguloe( 

para la direcci6n de la deformaci6n principal máxima. El ángulo ~ 

es el que forma la direcci6n principal máxima tomada como referencia y 

la direcci6n A, considerando como positivo el sentido contrario al gi-::::.4 

ro de las agujas del-reloj. 

-·Conocido el círculo de Mohr de deforrm ciones fácilmente 

se deduce el de· tensiónes. (ver. 1.6) de la fig. 23 se deduce: 

t e~ 
2. e. 

Ez. Eg 
{ 

; 
' 1 

J 

o ~/ 
.. 

\ :... 
c::l..: r. +-i~ i 

{~ 2~ '2 \ . 
1 ,. 

-.·, 



~10 CALCULO TABULADO PARA ROSETAS RECTANGULARES 

Sean E4 ; te.~ €e las medidas de las 

bandas,"A; By c. 

Ea 1) C6lculo de d: el:. ~ .. ~Ec (con. .:)\J~rt.o) 
2) C6lculo de r: ~"~/· 

Anotar los 3 valores con su signo --------------------- o 

- --.'' 1. /O( 
Restar ( -Ee.) a los3valores, se obtiene "V' 
Anotar el signo que corresponda al mayor valor de 

O(Ó_}J en valor absoluto~==============================~> 

Sea, por ejempl~ ~ ese n6mero. Dividir~~~ O · 

---~------------w.·. +~. por O( con su signo. 1 

Se obtiene 

Y puede ser positivo o negativo, pero inferior a 

1 en valor absoluto. 

Buscar en la tabla I el valor W que corresponde a Y 

Se tiene que: r: lotl W ( N6mero positivo) 

_ Las deformaciones principaies son:. 
€, ':. ct +-f" 

E1.-= d..- r 
Buscar en la tabla II, el 6ngulo que corresponde a Y 

con su signo. C( ~st6 ·comprendido entre O y 452. Llevar 

el 6ngulo ~ en sentido externo (que se aleje de la 

referencia O) sobre el eje marcado con el 1. 

La direcci6n·obtenida es: 

M6xima si anotamos el signo i­
M!nima si anotamo~ el signo-

o 
y i 

.·, 



-~ ABLAS PARA 
EL CALCULO CON 
ROSETAS DE 45!1 

TABLA N!! 1 

r?:.~·::;~·· ~ -~:· 
,·:.-·-=-·;..-:~•¡,.!:·.·· 

\.' 1 lyl • 
~~--;,-· . ··-t-

f:·j.- 000 . 
;-.•:~ o:o1 1 

•. -~ 0,02 1 

__ j_ __ l__.!_ ... ~-1- _J __ J-~--1- 5--1--~--- _:._r 
1 

71 71 1 71 1 71 ! 71 1 71 1 71 i 71 

8 • 9 

. ~ . ~ o 03 i 
··i~ o:o4 

[.
·n g:g~ 
.. ~ ~ o 07 
·,:; o'o8 
;~ o:o9 

)71 
071 

1072 
0,1014 
0.7077 
0.7080 
0,7084 
0,7088 
0.7094 
0,7099 

ft 
.. , 

,.v.~ 0,10 0,7106 
-~--~o 11 0.7114 

l:':·~ o:12 o.1122 f., ¡l 0,13 0,7131 
í •• ¡ 0,14 0,7140 
['' 015 0,7150 .. :.·i o:1s 0,7161 

::·1 0,18 0,7185 

71 72 72 72 . 72 . 1 72 • 72 72 
73 73 73 1 73 73 ' 73 1 74 74 
74 75 7& 75 7& 1 76 ! 76 76 
n n 78 • 78 78 1 79 79 79 
80 81 61 : 61 87. 1!2 83 83 
84 85 8!i 1 86 86 87 87 88 
89 ' 1!9 90 90 '91 1 . 91 1 92 93 
94 1 95 1 95 '1 96 97 97 98 98 

g~ 1 g~ 1 g~ 1 g~ 
14 15 ! 16 17 
23 ! 24 1 24 25 
31 32 1 33 34 
41 42 •43 44 
51 b2 53 54 
62 63 64 65 
74 75 76 77 
86 87 88 90 
99 

03 
10 
111 
26 
35 
45 1 

56 
67 
78 
91 

04 04 
11 11 
18 19 
27 1 28 
36 . 37 
46.1 47 
57 i 58 
liS 1 69 
80 : 81 
92 94 

05 
12 
20 
29 
38 

l
. 48 

!>9 
70 

l
. 82 

95 

71 
72 
74 
76 

i bO 
. 83 

81! 
93 

i 98 

06 
13 
21 
30 
:_19 
49 
60 
71 
83 
96 

1 
,; 
·• 

t
;: -~ o. 1 7 i o. 71 72 

··' 11 0,19 0,7198 

~,::4 0,20 ! 0.7211 12 
00 
14 
28 
43 
59 
75 
92 

01 
15 
30 
45 
61 
77 
94 

03 
17 

04 1 06 
18 j 19 
33 1 34 
48 1 49 
64 65 

07 1 08 10 
21 ' 22 24 

~
,J¡ 0,21 1 0,7225 27 
. . :,, o 22 . 0,7240 42 
ti~ o:23 ¡ 0.7256 57 

l~l:;j !:~! !1 !::::: !! 
t~j 0,27 0,7324 26 
~:~~ 0,28 1 0,7343 45 
~~. 0,29 1 o. 7362 64 
~: 0,30 1 o. 7382 1 84 

E ,.~A o,31 1 o.74o3 o5 
::1 0,32 1 o. 7424 26 
, .. 0,33 o. 7446 48 

ttd 0,34 1 0,7469 71 

~
j 0,35 0,7492 94 

''tl 0,36 0,7515 17 
;¡;¡ 0,37 o. 7540 42 
:¡¡ o 38 0,7564 67 

!
:_;.~ o:J9 o. 7590 92 

,-::.1 0,40 0,7616 18 
·7J 0,41 0,7642 45 

.. A'l 0,42 6,7669 72 

~-~;·~ :::: :::~:: ~ .,A o 4!> o.7754 57 
'\:i( o'45 o,ns3 86 ,..-;_;.'".. , 

[

r,:_:l g::~ g:m~ tj . 0,49 O, 7874 

•.. ::fll 00.5501 0,7907 
., 0,7937 

é,:.~ o' 52 o. 7970 
fil.1 . 

16 
46 
77 

09 
40 
73 

~ ,:·, 0,53 
~.; ~·¡ 0,54 
~·.: ·.• o 55 r·,"). 
¡·.¡ 0,56 

>,:j 0,58 

0,8003 06 
0,8036 1 40 
0,8070 -1 73 

0.8104 08 
0,8139 43 
0.8174 78 t

·~ 0,57 

''059 0.8210 
· ·; o:6o 0.8246 

14 
50 
86 1· :. :i O,b 1 0,8283 

f .. -~ 0,62 
- >! O,G3 LJ o.s4 

0,8320 
1
1 2641 

0.8357 
0,8395 1 99 

10 
28 
47 
66 
86 

07 
29 
51 
73 
96 

20 
44 
69 
95 

21 
48 
75 

03 
31 
60 
89 

19 
50 
80 

12· 
44 
76 

09 
43 
77 

11 
46 
81 

17 
53 
90 

27 
65 

H 
30 
49 
68 
89 

09 
31 
53 
75 
99 

22 
47 
72 
97 

24 
50 
77 

. 31 
46 
62 
78 
96 

1·3 
32 
51 
70 
91 

11 
33 
55 
77 

01 
25 
49 
74 

00 
26 
53 
80 

06 os 
34 37 
63 66 
92 95 

22 25 
53 56 
84 . 87 

15 18 
47 50 
80 83 

13 16 
46 50 
80 84 

15 19 
50 53 

:~ .1 :: 
57 1 61 
94 1 97 

31 11 35 69 72 

80 1 82 
97 99 

~t 1

1 ~~ i ~~ 
84 85 . P.7 ' ' . .-, .. 

15 1 1G 
34 1 36 
53 55 
72 74 
93 

14 
35 
57 
80 

03 
27 
52 
77 

03 
29 
66 
83 

95 ... 

16 
37 
60 
82 

05 
30 
54 
80 

05 
32 
58 
86 

01 1
1 

03 19 21 
37 39 

~~ 1 ~g 
971 99 
18 20 
39 . 42 
62 64 
85 87 

08 
32 
57 
82 

08 
34 
61 
89 

10 
3!1 
59 
85 

11 
37 
64 
91 

11 14 17 20 
40 42 45 48 
69 71 74 77 
98 

01 04 07 
28 31' 34 37 
59 62 .G5 ó8 
90 ~3 96 99 

22 25 28 .31 
~4 57 60 63 
86 90 93 9ll 

19 23 26 29 
53 57 60 63 
87 91 94 91 

22 
57 
92 

28 
64 

01 
.J~ 
76 

25 
60 
95 

32 
68 

05 
42 
80 

29 32 
64 67 
99 

03 
35 39 
72 76 

09 12 
46 50 
84 1i8 

04 
22 
41 

~g : ; ~ 
01 l .-t 
22 ·~ 

44 ··~ 
66 
89 

13 
37 . 
62 ! 
87 ¡ 
13 
40 
66 
94 

., 

22 . l 
51 . 
80 

10 
40 
71 

03 
34 
67 

00 
33 
67 

01 
36 
71 

06 
43 
79 

1C 
54 
91 

:: 

; ·' ·~,.- l 

·( 



TABLA Nll 1 
( continuaci6n) 

TABLA N!! 2 

o.r,s1o.B43~ 1 :n ~~ : ~~ : ~~ ~ J),~ i~ : ~g ~~ 
o.r.¡¡ o.B472 7C so e4 1 t:.~,..;;~~~ ~f 1 11 

o (.¡7 o !1!>1 1 : 15 19 1 23 1 ~1,~v_:~-~ ~~ i ~~ ~~ 
(\ ¡cú;a- · ~··~!>! •. ') •., ~ b!> f.~ , 63 ' to\-:;~ ·i~·. ·~ ~ 7!1 1 r. J 81 

"'-'O.tf ... , ~:f!J'¡ :· 95 
¡ !l!J : O:J>. : Ó.7 ~~ ,y ,·; 1 ,1~ 123 27 

/O:i~~~n.f.<•>Jt_ i 35 ! 39 1 43J 1 48 ~¡;-1· <> SG l'f,{j 1 L4 Ge 

• o.'lj(;.J.:')~;r.n¡-...:6 ~ E:CI ¡
1 
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Las direcciones arbitr rias d' la medida de tres defor 

mociones en un punte:> podemos hacer o .e est.án defasados 120'? con lo 
¡ 

que la b:anda tiene la geometría indi ;ada en la fig. 24 y por consi-

deraciones andlogas al caso de la rcseta rectangular encontramos los 

resultados que se indican 

siendo 9 
ci6n A., 

A 

-- [49) 

[5i] 

el dngulo de la direcci6n prin~ipal mdxima con la direc-

Gr.dficamente podemos encontrar la soluci6n llevando sobre el eje X 

del diagrama de Mohr los valores de f/I.,Es ¡te· 

! 
1 

o 

~r----,..--- E, 

A 

1----d ___ __, 
{ig25 

El centro del círculo sera d= 

(fig. 25). 

A 

\ 

; sobre las 

dos proyecciones que queden a la derecha o a la izquierda del centro 

O¡ se levanta MM 1 perpendicular en el. punto medio de las dos proyec­

ciones y desde 0' s~ traza una recta que forma 609 con el eje X; el -punto de intersecci6n M nos dd el radio del círculo r:. O'M • ·Apare!!. 

temente hay dos soluciones pero los puntos A'-8' y e• no guardan en 

el circulo el defase áe 2402 de acuerdo con la orientacicSn de las -

.. 



di,.-:~cc iones :!. ~·a ban.J.·J 

De la fig, 25 derluci~os: 

d.:. 

r :. 

<r: ': 

()"'}: 

E 

) -y-¡ 

E 

) -¡" 

(,: rl ... r 

e - d-r e 2-

(f.+ i í 2) 

( rl \-J [4) 



1,12 CALCULO TABULADO PARA ROSFTAS_~9'.)~l\~GULARES 

nedidas con su s1gno 

1) C6lculo 
A. 

2) Cálculo da r·: ~ 
Anotar las tres medidas según su direcci6n --------------~ 

B ~/' e 

Uno al menos de los valores medios, es algebraic~ 

mente igual o menor que los otros dos. Sea por - ~ 

ejemplo Ec • Se suma (-Ec) a los tres valores. A 
Se obtiene así O y dos números positivos~ J J ----------- · . 

J o 

Dividimosa continuación por el número mayor~ oj3 

sea por ejemplo~ 

3) Cálculo de f 

En la tabla III se obtiene un núme' i 
ro.U=f(x), tal que r=J"U 

t.1 ~ cf..,..r 
é 1 :: cl.-r 

., 

La tabla IV dÓ el ángulo en función de X. Este án 

gulo comprendido entre O y 302 se lleva sobre el 

esquema de direcciones haciendo girar un ángulo f 
la dirección marcada con 1 en el sentido que se -

aproxima a la dirección marcada con O. La direc­

ción obtenida es la algebraicamente.máxima. 

\ 

\ 
1 

X 



TABLAS PARA 
EL CALCULO CON 
ROSETAS DE 120!! 

TABLA N!! 3 

TABLA N!! 4 
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00 
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O,OG 0,6476 73 
97 94 91 

70 67 G4 61 
40 37 34 31 
11 08 05 02 
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1
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32 
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0,6089 
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09 
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07 
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09 
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0,55 
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Cuando lo dirección de los ('jes ,-:.t'tr:'?' 

pales es conoc id.-.:: de anten:cmo 1 c.,,rnn 

por ejemplo un cilindro baje: p!· :· .... ~(),, 

P> ---~ v::::rm~m1~~¡:1!1~~ l __ n tlLJ1 ¡ji r~~ ·(o¡~~~~:um L. 

Íi_s2G , -. "( . 

{ f i g • 2 6 ) , e o n s o 1 o me d i r 1 a s •.:h.: ·¡ ') r '' · 

e iones en dos di rece iones pe rpcnd ic•_;-­

lares que coincidan con lo:. direcr.::io-­

nes principales, ser6 sufi.cient.'! pcH•:l 

determiriar el estado de tensiones eG 
¡ 

un punto 

e . E - e . c • .: E'.:. ::Fr.-. 
C 1 • A•C:M c., o 

1 

<r.-1 -

E ) _,1 
q-1 -= E (E 2 +-_f fj ) _ } -¡-¡ 
C: ~ ~ : ~ (E. -E~ ) 

~e incluyen 6bacos para el o6lculo r6pido de tensiones n 

partir .de las lecturas en microdeformaciones. 

1.14 EXTENSIMETROS UNIDIRÉCCIONALES 

Si se conoce la direcci·6n ·princ-ipal de- e·sTuerzos y esto 

es dnica, como en la tracci6n pura, la tensi6n es obtenida aplicand0 ~ 

la ley de Hooke. 

~1:0 

1,15 CORRECCIONES DEBIDAS AL EFECTO DE LA SENSIBILIDAD TRANSVERSAL 

C0mo vimos en el apartado 1,2 el efectq de ~ensibilidad 

transversal eh el extens!metro, puede tener influencia en los resulta 

dos, sobre .todo cuando se emplean bandas rosetas. A continuaci6n se 

indican las correcciones que deben efectuarse sobre los valores de de 

formacío~es principales, as! como sobre la distancia del centro y ra­

dio del círculo de Mohr. 

Sea E14 ·E • 1>1. los valores de las deformaciDnes prin-

cipales calculados y Kt el factor de sensibilidad transvers<;Jl, los ve.r 



·dadoras valores 
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1.16 PROBLEMAS DE CALCULO EXTENSOMETRICO 

Problema ·n2 1 

Problema nº 2 

para 

Una barra de acero est6 sometida a uno trocci6n pu~a, 

mont6ndose una banda en el sentido de la tr~cci6n. Col 

e u lar las tensiones pr:inci pal es, si leemos 1275 /u[~ y 

el acero de la barra tiene E= 21000 Kg/mrn2 
y ¡u= 0,28 

En un. depósito ctJalindrico de aluminio (E= 7200 Kp/mm
2

¡ 

/u= O , 33 ) se a_dm i te que 1 as d i re e e i ~ n es p r i n e i p a 1 e s -

coinciden con los ejes vertical y horizontal y en ta­

les direcciones se montan dos bandas extensom~tricas -

respectivamente. Las lecturas bojo carga son: 

Calcular las tensiones en este punto. 

Problema n2 3 

1"\.' . 
K· "10m~ 

En eje cilíndrico de (E= 21000 Kp/mm 2 
0,28) un acero ¡U= 

de ~o mm de diámetro se han montado dos bandas, j·--
1 

y 

J2 a 452 .. respecto a su ~j e • El eje no sufre flexión, 

pero si una compresión P y u •. \.AUmento de torsión M. 

En el curso de una primera experiencia, se obtienen -

como lectu~as las siguientes: 

¿Cuales son los tensiones en el punto? ¿Cual la fuerza de compresióh 

y el par? 

En una segunda experiencia se obtiene 

y 

¿Cua.les son la fuerza P y momento M? 



Los problemas s igu ien tes, se re f i ~ r~n 

setas, en ellos deberemos calcular: 

- Direcciones principales m6ximas y m1n1mos 

-Deformaciones y tensiones m6xima y mínima. 

Problema nº 4 
a, 

e A 
/ 

Problema n2 5 

Problema n2 6 

Problema n2 7 

Problema nº 8 

Roseta de 452 

' 2 E= 7200 Kp¡mm 

Lecturas: A 

¡U= 0, 34 

' - 3790 /u ;_ 
\ 

B = - 3220 /u'-

··' e = - 4 7 so 
1 

u · _ 

. 2 
E= 7200 Kp/mm 

~ A= .f. 2080 /u ... 
1 

1800 /u;.. B= 

' J. C= - 1200 /~ .._, 

E= 21000 Kp/ 

A= + 

B= + 

C= + 

( 

3580 ~· il 
/ 

( 
1930 y.c• 

. ( 

1370 f-4(i 

2 
mm 

¡U= 0,34 

¡u= o, 29 

E= 21000 Kp/mm
2 ¡u= 0,29 

A= + 1, 792 jJ b 
8;::: ·. 817¡uÓ 

C= 868 ¡tJ 0 

E= 21000 Kp/mm 
2 

¡u= 0,29 

A= + 340 /u~ 
B= + 520 /u c., 

C= 710 ' - 1uc 

e ó i '::·.'le 

- .. 

Dar directamente las tenciones, sin pasar por deformaciones. 



r'robloma n'? 9 

Problema n9 10 

Problemas n9 11 

Problema n2 12 

Rosetas de 1·209 

E= 7200 Kp/mm 
2 

( 

A; ~. 2400 /u¿. 
B= ~ 2010 ), /U...., 
C= ~ 1370 

( 
¡u c.. .. 

Ec:·7200 Kp/ 2 
mm 

A= .,_ 
{ 

4410 fl (:· 
( 

8::: - 540 )A(-· 
t . 

C= - 1920 )A-0 

E= 21000 Kp/mm 

( 
A= -120 LtC 

B= 
1 ~ 

-1-540 ,l..l(_· 

C= -1-310 p.~; 

E= 7200 Kp/mm2 

( 
A= .f. 1795)tu 

, 
8 = + 1 803 ).t ¡) 

C= .f. 1812)4. Ó 

2 

¡u= o, 34 

¡U= 0,34 

¡U= 0,29 

., 

-.·. 





!_I ·TECNICA DE UT ILI ZACION DE LAS BANDAS _E,?<JENSOMETRICAS 

2.1. FABRICACION DE BANDAS EXTENSOMETRICAS 

Una barida extensom,trica est6 formada por dos elementos 

fundamentales que son el soporte y el conductor el,ctricn ~ensi~le a 

las deformaciones, habiendo evolucionado grandemente lq cunstituci6n 

y técnicas de fabricaci6n de dichos elementos. 

En un principio, se emplearon· con gran difusi6n soportes 

de papel y conductores de secci6n circular colocados según la f.ig. 1, 

pero entre otros, presentaban los gro-

r : 1 

ves inconvenientes de la h~groscopidad 

del papel, que hac!a per.der el .aisl.amien 

to de la banda y el elevado factor ·de -

sensibilidad transversal en las partes 

curvas del conductor, intent6ndose com­

pensar 'ste Último efectó dondo forma 

de zig-zag u otros diseRos ingeniosos 

(fig 2). Actualmente.,una banda de eali­

dad se fabrica sobre soportes de resinas 

ep6xicas y por el procedi~iento ~e fot2 

grabado, se consiguen formas y dimensio­

rres imposibles por los m' todos c16s icos 

( fig 3), ya que los modelos pueden hace,r:· 

se a ~sc~las m~y aumeQtados,_constituyen­

'st-as las llamadas bandas de trama pelicular o de film met6lico. 

Los principios en que se basa la extensometr!a, suponen 

que las isost6ticas de la estructura bajo' ensayo, pasan a tr.avés de la 

parte activa del extens!metro y se ha podido comprobar por :fotoelasti­

cidad, que en un extens!metro pegado a una estructura, solo en sus ·ex­

tremidades hay distorsi6n de aquellas, y'n6 en 16 zona central; por di­

cho motivo, ~dando a la banda la forma indicada en la 'fig. 4, C·ons~gui r,! 

• H 

•.. ·., 
. . . 

L . , .J 

R ~. 
~J:~ 
Fi93 

mos establecer en los extremos de los -

conducto res activos una zon,a de anclaj,e 

en la que se inciden los isost6ticas y 

por •u mayor secci6n respecto a la parte 

activa la variaci6n unitaria de re~isten 

e ia es menor y despreciables los coe-fi-

cientes de sensibilidad transversal y -

longitudinal. 



La posibilidad de disponer ~e §~Pe~ficie~ 9~e~~9~as Pa~ 

ro la soldadura de los cables y la transparencia de los soportes, que 

permiten una colocaci6n 6ptima del ext~n~!metro, aRaden ventajas a ~ste. 

Las aleaciones.del metal conductor responden a ias carac 

terísticc;:~s. específicas de cada tipo,.· siendo a veces riguroso secreto 

el proceso de fabricaci6n, en el que se incluyen t~cnicas sofis,ticadas 

para.conseguir mejoras en la utilizaci6n de extensímetros. A título de 

; ejemplo, en la serie CEA de la casa Vishay-Micromesures, el tratamie!!. 

to dado ·a los extremos para soldadura de cables, hace posible que la 

uni6n soldada tenga mayor resistencia mec6nica a la tracci6n que el -

cable que normalmente se útiliza, ventaja ~sta que confiere seguridad 

Co\Q.. l&o&tLti..w Co,dvctor a una medida extensom•hrica~ 

~ü s~;'t ~.;;;\; :t¿•.e-c:·Jc. Otros V e nt o j as de 1 os bandos de fi 1m me­

t6lico residen, en que dado su pequeño e~-

d.>d! 

/ _ _,· .,_ 

r~"'~~ 
:r ... : .. . ... _ / :l.· ¡f~ ~ ~ ~- ~ (=~-1·. 

pesor (4 micras), no introducen e~roreé 

en la medida de deformaciones de seccio­

nes delgadas y se adaptan mejor sobre 

cualquier superficie (~ig. 5). 

Dejando al margen }as bandas semiconduc­

tores (de las que nos ocuparemos en otro 

capítulo) vemos en lo expuesto, que el -

verdadero sensor de las deformaciones ~s 

el conductor, siendo el soporte un medio 

de transici6n con la estructura, por lo 

que exige del pegado a la misma (bondad 

strain gauge) pero, en aplicaciones para 

fabricaci6n de transductores, suele em-

plearse el.conductor suelto montado sobre 
~ . :: · ··r¡gG -~ r · 

zaf!ros aislantes, (fig.6) que se def~rma bajo estímulos mec6nicos, -

sin nec~sidad del soporte propiamente .dicho (unbonded - Strain-g6uges). 

La banda puede ser posteriormente sometida a recubri­

mientos y opciones tales como inclusidn de hilos de salida~soldados, 

que en determinadas aplicacione~ res~ltan de in~er~s. 

2.2 CARACTERISTICAS TECNICAS 

22.1 Valor 6hmico~ 

El valor de la resistencia 6hmica de una banda viene 

condicionado por motivaciones de tipo el~ctrico, y hay razones para 
·2-



que dicho valor sea elevado de una parte o pequeño de otra, por lo 

que debe establecerse un compromi~o entre las posturas extremas. 

Motivos que aconsejan un valor elevado.de resistencias: 

1. Señales elevadas para debiles deformaciones, en efecto, la señal 

es funci6n de la ten~i6n de excitaci6n, por lo que conviene que lsta 

sea elevada, pero para que no circule una corriente excesiva, que 

por efecto -Joule produzca un calentamiento inadecuado, el valor 6hmi 

co ser6 alto. 

2, Evitar los errores producidos por las resistencias de contacto de 

los conmutadores y líneas de conexi6n a los instrumentos, pues sien­

do 'stos v61ores pequeños su influencia ser6 menor cuandO mayor sea 

la resistencia de la banda. 

Motivos que aconsejan valores pequeños de resistencias 

l. Evitar la caída de tensi6n interna considerando a la banda como. 

generador de tensi6n. 

2, Conseguir mejor aislamiento el,ctrico entre la··banda y la estrut­

tura. 

3. Mayor robustez, pues resistencias elevadas obligan a conductores 

de muy pequeña secci6n y por tanto fr6giles. 

Por lo expuesto se ha establ~cido como valor normal y 

de uso m6s gene:a~iza~o. el de 120 ohmio's, siendo tambi'n muy emplea.;. 

dos los 350 (generalmente en transductores) 600 y 1000 ohmios. 

Las tolerancias de fabricaci6n son muy estrechas 0,15% 

con el fín de poder equilibrar los circuitos de medida, pero no sería 

pr6ctico un exceso de dicha tolerancia en límites que puedan confun­

dirse con la variaci6n 16gica, que por efecto de montaje1 sufriría la 

banda en su instalaci6n. La exactitud de la medida no ser6 afectada, 

por ligeras dispersiones del valor nominal. 

Tambi'n se construyen bandas ·con valores nominales que 

son fracciones de los indicados para los casos en que la medida re­

quiere un circuito con dos, tres 6 cuatro bandas en serie (se hacen 

de 30, y 60 6hmios u otros valorea que no suelen ser standard). 

¡ 

1 



2.2.2. FACTORES DE SENSIBILIDAD 

En el estudio te6rico de las bandas extensom~tricas -

{1,2) vimos que hay dos factores Kl y K2 ·que relacionan la variaci6n 

unitaria· de resistencia del conductor con la deformaci6n que sufre -

•n sentido longitudinal y transversal respectivamente por efecto de 

,las solici'taciones a que est' sometido el elemento donde se instaló 

la banda. 

La variaci&n de la resistencia es motivada por el cam­

bio de la geometría del conductor y de la co~ductividad, pero si bi'n 

el primer factor afecta pr6cticamente igual a todos los metales, el 

segundo es funci6n de la aleaci6n empleada en la fabricaci6n del ex­

tens!metro y· es po~. esta raz6n por lo que la forma y dimensiones de 

la banda no influyen sobre el factor de sensibilidad. 

Los constructores de bandas, utiliz·an procesos de fabri­

caci6n que mantienen el valor del-factor de sentibilidad dentro de­

unas tolerancias estr~chas en una serie, por 1~ que es importante en 

medidas con varios extens!metros procurar ~u~ no haya dispersi6n en 

dichos valores .• 

Por razones de la instrumentoci&n asociado a las medidas 

extensom~tricos, se tomo como valor nomino! de la sensibilidad longi­

tudinal de las bandas el de 2 y tolerancias admitidas como muy buenas 

son del ~ 0,5%. El-factor de sensibilidad transversal se expresa en 

·tanto por ciento del longitu~inal y rio debe ser superior al 1%. 

El fabricante indica el valor de K obtenido en unas co!!. 

diciones determinad~s de temperatura y sobre nedidas efectuadas con 

probetas de m6dulo de elasticidad y coeficiente de Poisson conocido, 

incluyendo curvas (fig. 7) donde se indica 1~ variaci6n del facior K 

respecto a variaciones de temperatura. 

Para medir el factor K se utilizan balanzas de calibra­

ci6n basadas en producir una flexi6n circular a uno probeta-en la que 

se montan bandos correspondientes a una mismo serie. 

. •;, 

-· ' 1 

1 ¡ 
1 1 
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2.2.3. RESPUESTA DE TEMPERATURA 

Una banda extensom~trica mide todas las deformaciones -

q~e experimente el elemento sobre el que se montap pero sabemos que -

las deformaciones producidas por dilataciones t~rmicas homo~~neas no 

~ 
~ 
J 

j 

1~:1 

1~::1 

~ilj8 

a.) 

h) 

crean tensiones, por tanto (fig. 8) si considerg 

mas una viga empotrada en un extremo sin carga al 

guna y hay variación de temperatura, aquella se 

dilatar6 y habr6 una deformación que acusar6 la 

banda, pero por no originar tensiones, debe ser 

considerada como error. 

El error por variación de temperatura se corrige,. 

dentro de ciertos límites, fabricando el conduc-

tor de la banda con coeficientes t~rmico de va­

riación de la resistividad de igual valor y signo 

contrario al del coeficiente de dilatación l!neal 

del cuerpo sobre el que montan. 

En efecto:· 

Rt• f,.(A"'}~) eo(~at!.) 

AR~~-Ro: t[f.~•'~t+fofo)l~J= O 
al =-.J!» 

~~coeficiente dilatación lineal 
)'&coeficiente de variación 

t~rmico de resistividad 

La relación ~=~J' solo es lineal d~ntro de unos límites de tempera­

tura pa~a los cuales se dice que la banda est& autoco~pensadap los fg 

bricantes indican la curva de respuesta en temperatura de las bandas 

expresadas ~~corría mi crodef~ormaciones aparen"te's ~( fig ~ 9). 

En la fig. 8a vemos que al dil'atarse la viga, si' la ban 

da es autocompensada, no experimentar6 variación alguna en su resis~ 

tencia, por el contrario (fig.Bb) si la viga est6 empotrada en sus ~x 

tremas, se originan esfuerzos de compresión cuando dilate y la banda 

por tener el coeficiente- -.fo acu.sar6 un incremento negativo en la -

variación uriitaria de ~esistencia,acusando precisamente la compresi~n 

habida. 
..! 
Una .banda solo_ puede ser compensada para mdteriales que 

1 

tengan id~ntico 6oeficiente ~e dilatación. Normalmente 
1' 

se compensan -

para acerc{.ota4f.io..Q/°C) y aluminio(ots2,3.io"'6/°C). : 
Veremos en el cap!tuio de t~cnicas ·de Medida, que los 

efectos de origen t~rmico pueden.com~nsarse con disposiciones de mon 

taj~ adecuados. 

-5· 
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Si en una medida din6mica queremos obtener con exactitud 

los valores de las componentes est6ticas y din6mica (fig. 11) presta­

remos especial atenci6n en la elecci6n del extensímetro adecuado y so 

bre todo se cuidar6 que las soldaduras de los hilos de conexi6n de los 

f..A,~r~tA 
f_~e.a.. 

9í, too 

8o 

o.t Q2. o.a 

instrumentos a la banda sean puntuales pa­

ra evitar concentraci6h de esfuerzo en la 

banda y que el tamaño de la misma sea muy 

pequeño, ya que son los factores m6s infl~ 

yentes para evitar llegar al límite-de fa­

tiga. En un fen6meno vibratorio la deriva 

no tiene gran importancia si lo que intere 
- . 

so conocer es solamente la amplitud de la 

ose ilac i6n. 

2.2.5. LIMITE DE LA RESPUESTA EN FRECUENCIA 

Una banda extensom,trica por tener una longitud finita, 

actua __ como tl.ln in-tegl"'ador de todas ·las deformaciones qué.~ocurren a lo 

largo de la parte activa, por esta raz6n si la longitud de onda del 

fen6meno vibratorio que se quiere medi~ coincide con la longitud acti-

va de la banda (fig. 12) no acusaremos deformaci6n 

alguna pues la mitad sufrir6 alargamiento y la -

otra mitad compresi6n. 

Las deformaciones son fen6~enos que se propagan 

a la misma velocidad que· el sonido, por tanto co­

nocido 6ste valor y el de la frecuencia del fen6-

meno,·la longitud de onda A=(nos indica el valor 

límite en el cual una banda 9e longitud activa=l~A 

no causaría deformaci6n. 

Para evitar la anomalía anterior se admite como 

valor normal de la.. el lO".k de)... con lo que 

el % de perdida de sensibilidad es pr6cticamente 

nulo ( fig. la), -7-

1 



Se fabrican bandos con longitudes activos de 0,4 mm por· 

lo que se pueden medir en aceros (O-; Sooo ~)1!3 ) frer.uenr.ios de ~o" H.". 

aunque lo limitaci6n en tfste caso est6 en los instrumentos de rnP.dido. 

Otros factores influyen en lo limitaci6" de lo respues­

ta en frecuencia de los bandas, pues si bien lo debil maso de inercia 

de la misma favorece el seguir fielmente un fen6meno din6mico, lo elos 

ticidod de adhesivos y soportes debe tenerse en cuento, aunque su vo­

loroci6n es dificil de obtener de forma experimental, debiendo cul-Jor­

se la elecci6n de adhesivos en medidas críticas. 

2.2.6. FENOMENOS DE FLUENCIA E HISTERESIS 

Supongamos que uno probeta sobre lo que hoy montada uno 

bando extensomltrica es sometida o esfuerzos de trocci6n simple (fig 14 
los deforTaciones de lo probeta son entonces transmitidos al conductor 

a..~~~s 
octivevdel adhesivo y del soporte,creondose unos solicitaciones de cor 

'~ · '· .-·. ''" ·. ·- taduro princ ipolmente en los extremos de 

r: • 
la bondo,que deben co~pensarse con la fuer-

1 , zo · antagonista 1 que se origino en el cor 

1 (fE~'l ·"Í~-_,ductor.activo. · .. 
~~--_:-:-~-:- _ --- La col1dad del adhes1vo y su elasticidad 

'-:S~~ determinar6n lo magnitud delo relojoci6n-

del mismo bajo los solicitaciones constantes ·a que esttf sometido y po~ 

consiguiente que permita al conductor activo un lento retorno q su es­

tado original. El fen6meno descrito es el de fluencia de una banda y 

tiene importancia considerable en medidas est6ticas. no siendolo tanto 

en medidos din6micas. 

Por lo propia natu.raleza del fen6meno, se vé que la temp!. 

rotura juego un papel importante en la fluencia, as! como las dimensio 

nes de lo bando, participando en raz6n inversa al tamaño. 

Es pr6ctica muy aconsejable, someter las probetas a ca~ 

gas y descargas sucesivas de magnitud lo mayor posible, antes de efec 

tuar la~ medida~. 

Ligado al concepto anterior puede considerarse el fen6~ 

meno de histeresis,el cual ocurre cuando quedo una· deformaci6n residual 

despu~s de s~meter o solicitaciones la probeta sobre la que est6 ins-

talada la banda~ siendo el principal m~ti~o de este fen6meno que el 



transmita al conductor activo. 

2.2,7, NIVELES OPTIMOS DE EXCITACION 

La señal el6ctrica que obtendremos de cualquier circuito 

de medida con bandas extensom~tricas p ser6 propor6ional a la tensi6n 

de e~citaci6n del mismo, lo cual hace presumir el empleo de hiveles el~ 

vados de excitaci6np sin embargo hay razones para limitar dichos nive­

les. 

La corriente el6ctrica que circula por el conductor de 

una banda excitada, origina por efecto Joule, una elevaci6n de temperot~ 

ro al disiparse el calor producido, por cuyo motivo pueden aparecer las 

perturbaciones siguientes: 

a) Alterar el efecto de autocompensaci6n, cuya estabilidad es mejor con 

niveles bajos de excitaci6n. 

b) Modificaci6n del e~tado de tensiones de la estructura bajo ensayo, 

al absorber 6sta el calor disipado por la banda1 sobre todo en materia­

les pl6sticos. 

d) Derivas del cero, sobre todo en circuitos con varios bandas y en las 

cuales la disipaci6n de calor no ser6 igual y simult6nea. 

Los par6metros de mayor incidencia en la determinaci6n 

del nivel 6ptimo de excitaci6n.de una banda son: 

! . -~ S~uperficie de la rejilla, ~,cuya influen-cia- afec"ta ál poder de disi­

paci6n de calor. 

2.- Resistencia 6hmica de la bandg, que limita el paso de corriente. 

3~- Coeficiente de conductibilidad t6rmica de la estructura, 

4,- Tamaño de la probeta o estructura donde se monta la banda, que de­

termina el poder de absorci6n de calor, 

S.- Condiciones ambientales. 

6,- Calidad del montaje de 1~ banda, cuid6ndose de que no hayan burbu­

jas de aire entre el soporte y la probeta, 

En la tabla I se indica la potenqia por cm2 que pueden 

disipar las bandas seg6n los materiales·donde est6n montadas·y para 

precisiones bajas, elevadas o medias (datos c~r~esia de .Vishay-Micro~e­

sures). 



DISIPACION DE 

CAL~ 

Excelente. Piezas 
gr~ndes de alumi­
nio o de cobre 

Buena . .Piezas -
grandes de ace­
ro. 

Media. Piezas pe~ 
-·queñas de dce ro -

inoxidable o tita 
.nio. 

Mala. Plásticos, 
resinas epoxy. 

ELEVADA 

0,30 6 o, 75 

o, 15 6 o, 30 

0,08 6 0~15 

0,01 á 0,03 

POTENCIAS.RECOMENDADAS EN WATS/CM2 

ESTATICAS 

MEDIA 

PRECISION REQUERIDA 

BAJ.A ELEVADA 

-----------------------------
0,75 6 1,5 1,5 6 3 0,75 6 3 

0,30 á o, 75 0,75 á 1,5 0,75 6 1,5 

0,15 á o, 30 0,3060,75 o, 30 6 1, 5 

0;03 {! 0,08 0,08 6 0,15 0,08 á O, 15 

¡ 

DINAMl'CAS 
- ·. ., 

MEDIA BAJA 
.. -· -------·- ··-- -----

i '5 á 3 3 6 8 

1,5 6 3 3 á 8 

0,75 6 1,5 1, 5_ 6 3 

0,15 6 0,30 .0,15 á 0,75 

Muy mala. Polie~ 
tireno, materiales 0,001 6 0,003 0,003 6 0,008 
acrílicos. 

0,001 á 0,03 0,001 6 0,008 0,003 6 0,015 0,03 á 0,08 



La tens16n de excitaci6n se deduce a la f6rmula: 

Potencia disipada:" 'Y.!!_2= Wed en donde 
4R 

Ve= Tensi6m de excitaci6n en Voltios 

R = Resistencia nominal de la banda 

La potencia por unidad de superficie es 

Siendo S la superficie de la r~jiila 

Si solo disponemos de una fuente de alimentaci6n con so 

lida fija de· tensi6n y esta es elevada para excitar el circuito de me­

dida se ponen en serie unas resistencias que produzcan una caida de -

tensi6n determinad~ pero sin olvidar efectuar las correcciones adecua­

das por la perdida de sensibilidad que introducen las mencionadas resis 

tencias. 



2.3. PRACTICA DE MONTAJE DE BANDAS 
' . ¡ 

2.3.1. Preparación de superficies 

La instalación de una banda extensom6trica tiene como 

fundamento la perfecta unión entre la banda y el cuerpo de ensayo. 

Para el extensomatrista cada montaje de circuitos de 

medida supondr6 un aumento de su experiencia y una garantía de que 
. -----~-------------------- -­-------- - ---- ------ --------~- ----- ------ ----~ 

su labor es satisfactoria, solo cuando por un exceso de confianza 

omite alguna de las operaciones que se indican como preceptivas, el 

error aparece, pero desgraciadamente no se manifiesta inutilizando 

la medida, sino dando como ciertos unos resultados falsos, de ahí 

que ~er6 criterio firme el observar toda la meticul6sidad humanamen 

te posible, con la certeza de que, si así se hace, se obtendr6 re­

sultados que justificarán el empeño puesto. 

La banda puede elegirse, dentro de ciertas opciones 

que ofrece el fabricante, adaptada a las condiciones de utilización, 

pero no as! la su pe r f i e ie donde deba instalarse, por. lo que 6sta ÚJ:. 
tima deber6 ser. preparada por el usuario, as! como lo soldadura de 

' . 
cables que configuran el circuito de medida. 

2.5.1. Preparación de superficies 

Toda superficie que debe recibir una banda se someter& 

generalmente a unos tratamientos mec6nicos y químicos para conseguir 

el mayor rendimiento del adhesivo, sin que dichos tratamientos pue­

dan suponer una madi f icac ión local de las co.racter!s t icas del cuerpo 

a ensayar. Dimensionalmente, se tratar6 una superficie doble (como 

mínimo) de la superficie total de la banda. 

El proceso pr6vio será el de limpieza y desengrasado . -, 

para el que se utilizar6 preferentemente cloroetileno de calidad
1 

pg 

ro metales y freón para p16sticos, para ello se deposita el desen­

grasante sobre la superficie (ie facilita esta 6peración si viene e~ 

vasado en sprr,;y) y sin dejar lo évapo rar se. seca con una gasa 1 impi a 

y de una sola pasada, repitiendose esta operación hasta que la gasa 

aparezca totalmente limpia.: 

Conviene indicar que siempre que haya que. limpiar o se 

cor una superficie debe hacer~e con una gasa lim~ia (no necesariamen 

te esterilizada) o a veces con papel absorbente tioo Kleenex nArn nlln 



ca con algodones que dejarían hebras depositados. Adem~s lo limpieza 

·se hor~ en uno solo posado y jom6s utilizando lo mismo gasa poro dos 

posados sucesivos, los rozones son obvios yo que si lo gasa es repo­

sado sobre lo superficie, en vez de limpiar por arrostre, por efecto 

de estor impregnada de disolvente, la suciedad o grasa existen te se 

disolvería m6s, entrando en las minusculas oclusiones que existan. 

En montajes sobre metales, recordemos que al estor cons 

tituidos por cristales orientados al azar, un pulido superficial pre­

sentaría el aspecto de ~n espejo al quedar incluidos entre rlos cris­

tales las pequeñísimas partículas arrancadas, por lo que la cidhesi6n 

y cohesi6n en estas zonas seria muy dudosa, por tal motivo se combina 

el tratamiento mec6nico por abrasi6n con un ataque por un 6eido debil. 

El proceso de abrasi6n depender6 del estado inicial de 

la superficie comenzando con papeles de carburo de silicio de grano 

400, 200 o 150 respectivamente y que previamente se ha humedecido con 

el ~cido, atacando en sentidos alternativos y que formen 902 entre -

.ellos, con el f{n de en coda pasad~eliminar las "crestas" que sobre 
... 

el metal se van marcando; lo coloraci6n peculiar que adquiere la su­

perficie y la desaparici6n de las marcas en un sentido cuando se ata 

que a '902, indican que esta operaci6n está concluida, debiendose pro­

ceder inmediatamente al secado con gasas. 

Posteriormente y-de inmédiato, ¡ci superficie se .humede­

ce con un producto.neutralizador {soluci6n ~lcalina detergente) con el 

fín de que su pH sea adecuado para ·recibir el adhesivo. 

En resumen haremos lo siguiente: 

12 Limpieza grosera, quitar 6xidos pinturas, etc, en uno superficie 

doble que la de la banda. 

22 Desengrasado-absoluto y secado. 

32 Abrasi6n progresivacombinada con 6cido y secado. 

42 Neutralizaci6n y secado. 

L6gicamente el proceso anterior es indicado para ciertos metales, pero 

siempre habr6 que seguir las indicaciones concretas del fabricante o 

de la propia experiencia. 



· :· .Si 'Se. ,trato .de. superficies ·pprosos como el caso del hor 

migcSn, habr6 que ·impermeabilizar la .zona de. asentamiento de la banda, 
t 

consiguiendose buenos resultados dando <;fespu~s de la limpieza, una ca 

pa previa. de· adhesivo. : 

•:• i ..: ~: .. · .: •. . . ... 
E.n vid.~io y pl6sticos sereS suficiente el empleo de frecSn 

y su limpieza con gasas. 

mo, 

'·. 

·-' 

Una mala alineacicSn de los .ejes de la banda 

.·,eon la direcc i<Sn en la que .deseamos medir 

·.las deformae~·ones. introduce errores que son 

funcicSn: eje la relacicSn entre .las deforma­

ciones m6ximas y mínimas, del 6ngulo que ~. 

forma ia di: reccicSn en la que se desea medir 

·•; ·y la direccicSn de lo ·defor'maci6n principal 
'1 

.. 1 m6xima y del cSngulo' o error de montaje 'de 

/··:la bandC: {fig. is). 
., . 

Com6 por r"azones de montaje soló podemos. influir sobre 
. . ' ! . . . l · ... ~ . . .. 

• tendremos. que esforza·rnos en 'corisegui r que. este error sea m! ni. 

para ellÓ. hay' qúe dete~rnfnar sobre•·la·superfic'ie d'e asentamiento 

de la banda, los ejes de 1 a 'di rece icSn ·en que deseamOs medir,· pero te!! . 

dremos, que tener, e~ cuen t_~, q.ue no podemos boj o ning6n pretesto, a 1 t_! 

rar el estado de r?r~paraci .. cSn. de la superficie seg6n s.e explic6 en el 

apartado anterior. 

Algunos montadores utilizan (nefastamente) puntas de 
,, 

acero de trazar, que al producir peque~as incisiones en el material, 

al t'erari su ext ruct uro' por tanto' nosotros' recomendamos siempre que 

sea posible no trazar sino grabar qu!miccmente los citados ejes. 

Con los instrumentos adecuados a la .. pr~cisitSn de la me 

dida (escuadras, gonicSmetros, compd~·trazador~~ ~~ticos de precisicSn 

etc. etc) buscaremos unas referencias ortogonales en los l!mites.de 

la zona que se ha limpiado procurando que no haya contacto de los 

ótiles con .la superficie limpiq, para e~itar su contaminacicSn; situ2 
' 

das las referencias tracemos coh un bolígrafo de punta fina o con un 

lapiz de grafit~ duro (5 6 6) los ejes completos sobre la superficie 

preparada. Posteriorment~ un palillo cuyo.extremo lleve_ una bolita 



~!~"~ de algod6n ( los utilizados, en Pediatría y 
r 

[ c:--:-31 
fisi7 

de venta en farmacias son muy adecuados} se 

humedece con 6cido y se pasa sobre los tra­

zos de 1 bolígraf~ o 16piz, secando· a, continu~ 

ci6n y se repite la operaci6n pero humedecie~ 

do un n0evo algodoncito con neutralizador; de 

esta forma la superficie mec6nicamente no se 

ha modificado y SÍ veremos que han sido gra­

bados los ejes de referen~ia, ya que la marca 

de grafito ha impedidq la acci6n del 6cido -

sobre lo propia línea y a continuaci6n el neutralizador ha limpiado el 

grafito que se deposit6. Este procedimiento tiene una demostrada efi­

cacia por innumerables experiencias y es pr6ctica su aplicaci6n en me 

tales~ 

Otra soluci6n consiste en morcar con 16piz los ejes, pero 

sin que estas lleguen a cortarse dejando siempre libre la superficie -

del soporte de la banda (fig. 17) pero se ve que conseguir este entra-

ña una pericia grande y no queda exenta 

de la superficie. 

de problemas de contaminaci6n 

2.3.3. Pegado de extensímetros . 

El adhesivo utilizado para ei pegado de bandas ~eber6 

reunir unas características adecuadas a su uso y nunca se P!car6 po~ 
.-...... 

e.xceso en las exigencias que en su elecci6n hagamos. Tienen preferen-
1 

cia todos aquellos que solidifican por polimerizoci6n, es decir que 

la totalidad de los 6tomos que forman los componentes (normalmente dos), 

constituyen el ~olido final, a diferencia de los pegament~s normales 

que solidifican por evaporaci6n de un disolve~te, 
1 
¡ 

En general un bue~ adhesivo tendr6 las siguientes coree-

terísticas: 

o) Permitir su aplicaci6n en ·peQ!culas delgadas para no introducir -

errores por distanciamiento de l1a rejilla a la superficie, 
1 

b) Ser neutro a la superficie y a~ soporte de la banda. 
l 

e) Transmitir los esfuerzos a la banda sin fen6me~os de fluencia. 

d) T'cnica de aplicaci6n facil. 
' ., 

') 

e) Utilizaci6~ en un m6rg~n lo m6s ¿mplio poSible 1respecto o condicio \ . . . 

n.es ambientales. 



Ser6 dificil que un solo ~dhesivo cumpla en grado 6ptimo 

los condiciones anteriores, pero siempre ser6 factible establecer un -

comp~omiso para aplicaciones concretos. 

Hay pegamentos de oplicoci6n sencillo y r6pida cuyo uso 

es de inter's en piezas grandes y usos generales d~1de lo ~edido se -

haga a temperaturas ambie ntol es norrro les ( 202 6 6C2C) un 'ejemplo de -

oplicaci6n de las mismos se expone gr6ficomente en la fig. 18, refe­

rente al tipo M-200 de lo firma Vi shay-Micromesures. 

Para aplicaciones que exijan uno mejor precisi6n, como 

puede ser el caso de fabric~i6n de captadores, se utilizar6n adhesi­

vos que deben someterse a un.fratamiento t&rmico, operaci6n que no de _, 

ja de ser engorrosa, En cualquier caso, el fabricante dar6 normas cla 

ros de aplicaci6n. Poro usos de condic1ones extremas (10002C) se com­

prende que los adhesivos se descompondr!an
1 

para ello, existen bandas 

encapsulados en uno vo!na met6lico que son fijadas por soldadura e16c 

trice por puntos con utensilios adecuados. 

Junto con lo banda, es muy pr6ctico pegar unos soportes 

de terminales. impresos que ayudar6n o la soldadura e instoloci6n del 

cableado. 

\ 
1-

! 

) 
¡ 

J 



a) la banda y el terminal impreso 

se colocan sobre un cristal total­

mente limpio y con papel transpa-

>rente autoadhesivo, se cubren y se 

separan del cristal procurando no 

doblar la banda. 

~itua la cinta y banda so­

~ el punto de medida, fijando 

un extremo y levantando el otro. 

-e) con er pinCel del acelerador, se 

aplica éste sobre el reverso de la 

banda y terminal, procurando no 

contaminar la banda con adhesivo de 

la cinta. Dejar secar un minuto~ 

g) 

se 

a 

d) depositar una o dos gotas de 

adhesivo sobre la superficie de 

asentamiento. 

e) se va la cinto y con 

un dedo se hace ligera presi6n 

de izquierda a derecha y evltan 

do tocar directamente el adhesi 

vo. 

( ' 

··~-

f) una gasa se pasa varias ve­

e es par a evitar se f n r 'T'P r. h t • r b'.: 

jos de aire, 

los 10 minutos como mínimo 

puede retirar el papel trans 

parente que ayu~6 a pegar la ban 

da como se. indica. 

1 

. .,4 .~ 1 

:··· 



2,3,4, Soldad~ra de cables 

La soldadura ;de las bandas d los hilos de uni6n ·de los 

instrumentos de lectura, requieren una e&pecial atenci6n y el monta­

dor necesitar6 adquirir cierta expeciencia para dominar esta opera­

cicSn. 

En la composici6n de las soldaduras se emplean aleacio 

nes de plomo con estaño, plata o antimonio, que llevan o nó incorpor2 

da una resina y seg6n las proporciones de dichas aleaciones resultan 

unas características determinadas de conductividad el~ctrica, compo~ 

tamiento a solicitaciones mec6nicasg respuesta en temperatura etc. 

por todo ello noes recomendable el uso de. soldaduras com6nes en aplic2 

ciones de tal~er el~ctrico o electrcSnicoo Especial atenci6n tiene el 

conocimiento de la temperatura de fusicSn que debe ser lo.m6s inmedi~ 

ta superior a la que estar6 sometida el circuito de medida, con el -

fín de no tener que aportar m6s calor del necesario al efectuar las 

soldaduras, 

Segón el tipo de solda~ura elegido ser& conveniente o 

necesario utilizar un fundentei sobre todo para hilos muy delgados, 

pero ser6 totalmente imprescindible limpiar con un d"ecapante adecu2 

do los puntos de soldadura con el f!n-de eliminar los residuos de­

fundente y resina que podrían ocasionar corrosiones y fencSmenos par6 

sitos por efecto "pila" ya que evidentemente quedarían dos metales y 

un electrolito. 

El soldador juega un papel muy importante, siendo reco 

mandados aquellos de temperatura regulabl~: la punta del mismo nunca~ 

ser6 c6nica sino que tendr6 una talla en forma de bisel. Para evi.tar · 

que los cables puedan ejercer esfuerzos en la banda que pudiesen det~ 

riorarla debe utilizarse siempre que sea-posible un terminal impreso 

que servir6 de apoyo al cable (que ser6 de varios hilos) al que pre­

viamente se le separeS un hilito y se estañeS tal y como se indica en 

la fig, 19. 

e orlo.,-
En general seguiremos el siguiente proceso: 

12 Preparar el cable seg6n la fig. 19 

22 Proteger con papel autoadhesivo debil la 

banda, dejando al descubierto solamente 

los puntos de soldadura. 
e= 

32 Depositar una gota de solc::fadura lo m6s P.! 

1------------:----qt:re-ña-po_s_i_b-ie-s-i n aportar excesivo e a 1 o r 



que podría desprender la banda del soporte. No debe durar esta operg 

ci6n m6s de 2 segundos, si no se consiguen el primer int~nto, dejar 

enfriar y repetir. 

42 Presentar el cable ya preparado y sin apor-te de soldadura, solamente 

manteniendo caliente y mUy limpio la punta del soldador, fijar los ca­

bles a los terminales y a la banda, tal y como se indica en la fig.20. 

En la banda conviene que la gota de soldadura sea lo me­

nor posible para evitar concentraci6n de esfuerzos, de ah{ que el pro­

cedimiento explicado favorezca 'sta condici6n al ser m~s fino el hilo 

de uni6n del terminal a_ la banda, a la vez que s0· ~onsiouen dar mayor 

segu~idad al montaje, pues un fuerte tir6n del cable rompería el termi 

nal pero no la banda. 

Hemos ofrecido unas normrs generala~ ya qu~ el fabrican 

te indicar6 en cada caso lns instrucciones concretas. 

Una vez insralada una banda deber6n efectuarse diversas 

comprobaciones siendo preceptivas: 

12 Inspecci6n ocular. D~be hacerse con una lup~ de 20 aumentos o m6s 

para confirmar que se ha situado correctamente la banda a la vez 

que se observar6 que no han quedaqo bqlsas de aire ni--" lagunas" 

(zonas sin adhesivos) bajo el soporte de la misma. 

22 Comprobaci6n del aislamiento. Se utilizar6 un megohmetro cuya ten­

si6n no exceda los 50 V, si es de v61vula mejor y jam6s se hbr6 

uso de los medidores de aislamiento de tipo magneto que quemar!an 

la banda. 

El aislamiento deberá ser mejor que 100 megohms, ya que un aisla­

miento menor, equivale a introducir un error, por colocar en para­

lelo con la banda otro resistencia; se puede calcular dicho error, 

en efecto, consideremos un aislamiénto de 2 Mohms~ 

32 Medida del valor 6hmico de la banda. Utilizar un instrumento que 

aprecie decimos de ohmio como m!nimo; esta comprobaci6n tiene dos 

objetos; el prim~ro saber que no está rota ni cortoci~cuitada la 

rejilla Y.el segundo conocer la dispersi6n del val6r nominal, -so-



b~e todo en circuitos con varias bandas para controlar desequilr­

brios excesivos. 

2.5.6 •. Protecciones 

Desde medidas .efectuadas en laboratorio, hasta las di­

fíciles en los .conos de cohetes o cascos de barcos, encontraremos una 

serie de condiciones ambientales que juntamente con la duraci6n de la 

medida exigir6n proteger un elemento delicado· con es la banda exten­

som4trica de forma adecuada. 

Las bandas, de por s!, son presentadas bajo opciones que 

aportan una determinada protecci6n 0 as! las hay encapsuladas sobre dos 

16minas, una inferior que constituye el soporte y otra superior de la 

misma naturaleza y que deja libre solo los terminales para la soldadu­

ra de cables, 'sta protecci6n evita la proyecci6n del estaño en la sol­

dadura y mejora enormemente el aislamiento •. Otras opciones llevan unos 

hilos so.ldados, por lo que el soporte superior cubre totalmente a la 

banda ( f i g . 21 ) • 

•·181!1: 

.'•B ,z 

., 

En general la protecci6n la consideramos ba 

jo el aspecto de aislamiento el,ctrico y de 

fortaleza mec6nica y previamente a la insta 

laci6n de la banda tendremos que conocerla, 

poro preparar la superficie adecuadamente 

antes del pegado de la misma 

Los criterios que debemos tener ~n cuenta 

para elegir los productos de protecci6n es 

tar6n basados en: 

a) ·Temperaturas extremas durante la medida, p.e. Probeta en laborato­

rio 222C ± 32C¡ estructura expuesta ol sol 0-602C estructura de un 

avi6n en vuelo -502C ~ l202C. 

b) Duraci6n de las medidas,·p.e. 1 hora en laboratorio¡ 1 año en un 

punto sumergido del casco de un buque. 

e) Ambiente, p,e, aire seco, aire humedo, agua, aceite, chorro de 

agua~ gases corrosivos, hidro~arburos, 

No debemos olvidar antes de la aplicaci6n ee los prote~ 

tores, cercionarnos de que no hoy restos de adhesivo alrededor de la 

zona a proteger, que se limpié bien la.resina fundente de las solda-



.,.~ ·~ 

., 

protector se adhiera, que no hay humedad, etc. en una palabra, no des- . 

de~ar ning6n esfuerzo que posteriormente pueda inutilizar varias horas 

de laboriosos trabajos. 

Una pr~ctica muy aconsejable~ ~iempre que sea posible, 

serd. lo de. conectar provisionalment~ al instrumento de lectura al cir­

cuito antes de protegerlo y sometiendo aquel a alguna solicitaci6n, 

observar que el funcionamiento es 16gico. 

Por 6ltimo, no olvidar tomar datos de posici6n, fotos, 

numeraci6n de cables, esquemas etc. antes de la protecci6n, ya que PO! 

teriormente sería imposible, al quedar el circuito~tapado por los pr~ 

tectores. 

La aplicacicSn del prote·ctor la haremos siguiendo siempre 

las indicaciones del fabricante pero como orientacicSn tendremos presa~ 

te: 

19 Extender bi'n el producto sobre la superficie limpia y si hay que 

dar varias capas, que la: 6lti~a cubra por completo a las anteriores. 

Algunos productos vienen acompa~ados de un ~omponente previo, que debe 

aplicarse sobre la superficie con pincel y dejar secar perfectamente 

para ~uego aplicar el protector y conseguir así la mejor adhesi6n. Vi­

jilar que no queden.bolsas de aire. 

2R Cuidar que el espesor del protector sea el. adecuado, muchos prote~~ 

t9res son blandos y f6cilmente las bolitas puntuales de las soldaduras, 

pueden atravesar el protector con peque~as presiones, ori9inando contac 

tos de masa indeseados. 

39 ProteccicSn del extremo de los cables de uni6n a instrumentos, pues 

de nada sirve esmerarse en la banda si dejamos opci6n a que_ por la vai­

na de los cables queden huecos por donde se perdería la protecci6n. 

La fig. 22 indica un acabado tipo de protecci6n. .CABLE 
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2.6._1. Indicadores 9_e_ p_r_opo_g~c.i_6_n de fisuras 
.. 

Dos son los motivos que pueden hqc.er ~··etes."Jrio el uso 

de estós•.sensores: detectar la aparici6n de uno fJsuro o determinar 

la velocidad de propogaci6n de la mismo, er"' ambos cosos, si bien el 

sensor ser6 el mismo, variar6n los instf\wnentos de lectura. 

~-
CPA01. 

CPA02. 

1:1,11 mlllllll mr 
.. · .. n3 •J'5.._ 

Estos •ndicado res @!i.t6n fa rmados por una 

serie de hilos en paralelo (fig. 23) mon 

todos en un soporte similar al de los e~ 

tens!metros, que se pega en el punt·o.Jo~ 

de se producir6 la fisura, y que ~uondo 

aparezco, romper6 un determinado número -

de conductores, deduci~ndose la longitud 

de la fisura por ~dida de lo resistencia 

con un ohmetro; si por el contrario el mp 

mento de oparici6n de lo fisura es regi~ 

trado de formo contfnua por un oscil6gra-
., 

fo, deduciremos la velocidad con que se 

propaga (fig. 24). 

La oleaci6n de la que est6n constituidos es suficiente 

paro soportar deformaciones superiores a ± 2000 ¡u 0 m6s de 108 e iclos 

y son ~entados con t~cnicas similares a 

las utilizados en los extens!metros. 
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Los efectos de temperatura tienen poca in 

fluencia. 

Al contrario que las bandas exten5omt$tri 

cas, que miden d~formaciones por variaci2 

nes instantáneos de su resistencia, los 

indicadores de fatiga (S/N) guardan "en 

rnemoria" todas los deformaciones experi­

mentadas después ele su instaiaci,5n. Lo 

memoria olud~cta v~eo~ representada por -

una modificac1Ón P'=rmanente del vtllor no 

minal de su resistencia, que es fu,nci6n 

de lo amplitud de las deformaciones y de 

la frecuencia con que se producen. 



Los leyes de W~hler nos dicen que: 

lQ En una pieza sometido a cargas alternas, la carga de rotura dismi-

nuye. 

22 El n6mero de alternancias que hay que producir para lo rotura es 

tanto menor, cuanto mayor es la amplitud de las mismas. 

39 Exi!$te un valor de deforma e i6n m6l(imo para e 1 e ual no se produce 

rotura sea ccilal sea el n6me.ro de ciclos con que se aplique. 

-En la fig. 25 se expresa gr6ficamente lo expuesto. 

l¡:studios real izados por Minar, permiten af i·rmar que· e 1 

porcentaje de vida de uno pieza sometida a. tensiones variables, es el 

mismo si aumentando la amplitud de las tensiones disminuimos su fre­

cuencia o viceversa, siguiendo la 

Ti.ta..n..io 

~~------~~--~~ 
n% 

N 

proporci6n obtenida seg6n ~os cri~ 

teri9s de WHheler. 

•·. 
En la fig. 26 vemos que el tanto 

por e iento de envejecimiento de una· 

pieza es el mismo sometido a la t~n 

si6n <l'¡ y el, ciclos que si se -

somete a la tensi6n <!"z y c2. ci­

clos. 

Se considera que las tensiones apli 
. -· 

cadas osc~lan entre un valor ~ 

m6ximo y un mínimo O, si as! no -

fues~ logicamente habr6 que consi­

derar los etectos de una componente 

cont!nua m6s la carga variable. 

Si bi'n en su aspecto los indicad6~ 

res de fa't iga ('f ig •. 27} son se-mejar 1 

tes a las bandas extensom,tricas, 

la constituci6n de su elemento sen'-

sible es bi'n distinta, ya que la aleaci6n de la rejilla persigue· au-: 

mentar al m<Sximo el efecto que en los extens!metros se trataba de eli 

minar; en efecto· recordemos (2.2.4.} que en las bandas se· establece'·­

como límite deformaciones din6micas, aquel que produce una deriva. de~ 
-22-
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100 /u ó o equivalente o un in e re.. ., 

mento de 0,024 ohms en una bando de 

120 ohms, mientr9s que ahora prete~ 

demos que estos valores sean dE~ -

orden de 7 o 10 ohm. Se ccnsti~u-

yen en o-leac.i6n de. con~~onto!1 con 

valor nominal de 100 ohm. 

Lo vorioc16n de lo resistencia del 

indicador de fatigas es producida 

por uno distorsicSn de su red cris­

talino y por lo aporicicSn de micro 

fisuras de lo oleoci6n de que se 

compone su rejilla y ha podido de­

mostrarse experimentalmente que en 

algunos metales, empleados en cons­

trucci6n normalmente, se produce el mismo fencSmeno¡ de ahÍ que estos 

sensores cuando son mo~todos sobre piezas mec6nico~ puedan indica~ con 

gran fidelidad el estado de envejecimiento de los materiales midiendo 

la desviocicSn del valor nominal de.la resistencia del sensor. 

Si el envejecimiento de lo oleocicSn del sensor es dis­

tinto del matar iol sobre e 1 que se monto, lo concordancia ante~ ior se 

pierde y los resul~odos· no tendr6n vólor alguno, ya que si, por ejempl~ 

la deformaci6n m6xima cop6z de desviar el valor d~ la resistencia del 

sensor, (32 ley de ~hler) es superior a la deformoci6n que producird 

lo roturo de lo, pieza de ensayo, el indicador de fatiga jom6s acusaría 

desviocicSn de su resistencia: para evitarlo se fabrican sensores mul­

tiplicadores los cuales por diversos procedimientos de fabricaci6n se 

consiguen adaptar la respuesto del sensor a los materiales en que se 

mont or.lf1¡l8a.) 

Lo fig. 28 d6 Jb. respuesto de lds sensores FWA de -

Vishoy-Micromesures. 

~fJlOI ..r·t"' '•'· 
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Los indicadores de fatiga son verdaderos integradores de 

los efectos producidos por cargas alternas, sea cual sea su amplitud 

aa! putfs, si desputfs de 10.000 ciclos de .¡. 2000 ¡u Ó producen una des­

viaci6n de la resist•ncia de 1,9 ohm y 100 ciclos de ± 3000¡uÓ O,Sohm, 

la indicaci6n final ser6 de 2,7 ohm. 

·. Al montaje de estos indicadores habr6 que· tener en cuento 

que su eje sensible coincida con el eje de esfuerzo principal m6ximo~ 

determinado previamente por cualquier procedimiento (extensomtftrico, 

fotoelasticidad, etc). 

2 •. 6. 3. Sensores rle__!emperatura 

Siguiendo el mismo procedimiento de fabricaci6n de las 

bandas extensomtftricas, pero haciendo que la aleaci6n de la rejilla e 

sea de niquel, se obtienen sensores cuya variaci6n de resistencia es 

altamente sensible a las variaciones de temperatura siendo este fen6 

meno muy estable y repetitivo, de ah! que se utilice profusamente en 

la.medida de temperaturas por contacto y utilizando las mismas t'cni­

cas de instalaci6n que las expuestas para extens!metros. La curva 

·Afia· t0 
(fig. 29), tiene uno pendiente considerable por lo que se obt ie­

nen señales de alto nivel, pudiendose medir con gran precisi6n, exac­

titud y poder de resoluci6n, temperaturas comprendidas entre -300 y 
.¡. 5002F. 

-24-
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Generalmente son fabricados para q~é 

a la temperatura ambiente (23,92C sur; 

resistencia nominal sea de 50 ohm y 

conociendo la curva poder cono 

cer _la temperatura midiendo por cual­

quier-procedimiento las desviaciones 

de la resistencia. 

Estos sensores a diferencia de los -

termopares que ~eneran una f.e.m, s~n 

pasivos, necesitando de una fuente de 

alimel"!tacicSn, por eso (fig. 30) si es 

excitado con una fuente de intensidad 

constante 1~) la. lectura directa de 

un milivoltímetro nos valdría para c2 

nacer los 4 R dire6tamente, no obstante como la respuesta no es lineal 
1 

siempre tendrÍamos que tener tablas o curvas de respuesta para conocer 
:1 

el verdadero valdr de la temperatura en ·2C 6 2F. El inconveniente an-

imA. 

r-. : , .-, ,-, 
L L ~ ~ o. ~ L 1 

:·"'V 

terior ha si do subsanado introduciendo 

circuitos linealizadores en los cuales, 

si bi~n se pierde sensibilidad, la re~ 

puesto es lineal, por lo que los ins­

trumentos de lectura pueden ir ta~a· 

dos directamente en escalas termom,tri -
cas. 

Con el f!n de utilizar para la medida 

·de temperaturas los mismos instr~mentos 

que para medir deformaciones, los cir­

cuitos linealizadores se ~alculan de 

tal forma que el sensor constituye 

una rama de un puente de Whearstone 

(fig, 31), de tal forma, que al leer un n6mero entero de microdeforma-

ciones equivalgo o la variaci6n de lgrodo centígrado o Forenheit, Nor 

malmente se fabrican redes para: 

~o,.~ < > ió e ~7 r' _F 

1. o o¡ b {..~ f o e ( ,'> r r-

-2~-
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por este motivo. 

Lo oleoci6n de níquel, muy sensi­

ble o los variaciones de tempera­

tura, obli~o o utilizar fuente~ de 

alimentoci6n de bajo d.d,p. ya que 

al circular corriente por el sen­

sor el color generado por efecto 

Joule introduce pequeños errpres. 

Por otro porte, si el pun.to de m~ 

dido est6 sometido a·deformoci.ones 

estos los ocusor6 el sensor, pero 

dado su insensibilidad a este fe~á 

meno no tendr6n _gran influencia en­

lo exoct·itud de la medido, de t·p­

dos formas el fobricant.e da con lo~ 

sensores los e urvos .de correc·c::i 6n 

La longitud de los cables puede ser origen de err.ores -

por perdida de sensibilidad, pero se compensan estos efectos modifico~ 
. ., . -:"" 

do el factor K de sensibilidad en el instrumento de lectura (est.o s.e 

estudio en el pr6ximo capítulo). 

Paro medido de muy bajas temperaturas (criogenia) se ut! 

lizo~ sensores (fig. 32) que llevan dos rejillas en serie en oleoc)b-

TCP 
tNCAP'>UI.ATION 

LAYER 

MAIH WIRINC 
· TFRM\NALS 

~on lo que se consigue lineolizQr circuitos 

desde -4002F, 

En el montaje de sensores de temp~ 

roturo no hobr6 _jom6s de o.lvid.or 

utilizar adhesivos soldaduras, ca­

bles protectores, et~; cuyo lÍmite 

de utilizaci6n .en temperatur-a sea 

. superior o lo que se deseo medir. 

2.6.4. Bandos semiconductores 

Todos los cuerpos tienen, 
, 

mas o me 
1 • 

nos a~usado, la propiedad de su~rLr 

variaciones en el val.or de su .r,_e-

SlStlv.Looa cuonao sun ::.ornetldos o tensiones mec6nicas, pe~ro en los .s~ 

mic~nductores este efecto es mucho m6s notable y se aprovecho Po.r -~:oQ 

to, como elemento transductor .paro lo· medido de deformac1one·s. El felílé 



mttno expues'to ae la piezaresistividad, no ~ebe ser confundido con el .~ • 

de la piezoelectricidad, que presentan los cristales de cuarzo y otros, 

de crear cargas el,ctricas entre sus caras ~uando son deformados, con~ 

titu~end~ elementos activos, mientras a los que aquí nos referimos son 

elementos pasivos,~ esto se necesitar~n una aportaci6n de energía ester 

na (ali~entaci6n) para coriocer sus variaciones de resistentia. 

En un semiconduc~or la resistividad tiene por valor 
p- .J. \ .. eNtr donde N representa el n6mero de portaelores de cargas el,ctricas, 

v su velocidad media y e, es la carga del electr6n.La variaci6n de f 
al aplicar cargas al semiconductor dependerá de ia concentraci6n espec! 

fica de portadores y de la orientaci6n cristalográfica respecto a las 

cargas aplicadaéJ si aplicamos cargas de tracci6n o compresi6~ el cambio 

relativo de resistividad se· expresa por: 

llamandose a~t coeficiente de resistividad longitudinal. 

Recordemos que un semiconductor es un cristal de silicio 

o germanio (4 electrones de valencia) al que se le aRaden impurezas ti 

po N [arsenic6, 5 electrones de valencia) o Tipo P {galio, 3 él~ctrones 

de valencia) y dependiendo de la proporci6n de los agentes contaminan­

tes, podrán obtenerse infinidad de e¡ementos de muy variadas caracter!s 

ticas. 

El factor de sensibilidad en los extens!metros de film 

metálico, hemos visto que tiene de valor 2 0 pero si empleamos bandas 

cuyo elemento sensible sea un semiconductor, se pueden obtenerse valores 

de entre 50 y 200 y dado que dimensionalmente pueden fabricarse iguales 

se establecen las ventajas de: 

12 Obtener niveles de seRal elevados que pueden evitar una posterior 

amplificaci6n. 

22 Mejorar la relaci6n señal-ruido; sin embargo su precio es mucho 

más elevado y s~ sensibilidad a lo temperatura mucho más acusada 

que en· los bandas convencionales, lo que"hoce que su uso quede li 

mitado o la medido de muY pequeRos valores de deformaciones y a. la 

fabricaci6n de captadores. 

·El factor de sensibilidad es defi~idá; por: )'( E 
k,.._= ~=k~? lA+ o ..,1_ 
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,..,siendo E.;. M&dulo de elasticidad: ~ ... Coeficiente de Poisson y t1.t =coe­

ficiente de resistividad longitudinal del semicorductor. 

El t&rmina rtl E es el equivalente el que por la ~onstan­

te de Bridgman se introduce en las.bandas met6licas, con la salvedad 

de que es bastante m6s elevado. 

La ihfluencia de la tempercitu~a en una banda~semiconduc­

tora estcS _intimamente ligada al nómero de 6tomos de impurezas que 11,! 

ve, as! para 102° atomos/cm3, el factor Ksc es constante prdcticamen 

te o las variaciones de temperatura. 

~se:. ~ ~ :. e. o ns tQ..I'\'\:é. 

Si la proporci&n de impureza~ es del orden de 107- dt~mos/6m3 el factor 

· de banda se ver6 afectado en la forma:. 

V - ~ v c.l To )"1 e l'Sc- T "~e (o).+ ,- · v 

donde T• Temperatura absoluta;KSc~)··Fact~r de sensibilidad a la temp~ 
rotura To; (l.. Constante y E ... de fo rmoc i&n, ., 

Los diferentes niveles de cohtaminaci6n de los cristales 

de silicio se denominan por las letras, K, L, C, 

terminan.las características piezoresistiVas del 

sistividad segdn tipos, oscila entre 0,001 ohm/cm 

resume la respuesta de las distintas clases. 

D, E, F, G y H y de• 

sémiconductor. La re-. _.,4 

y lohm/cm, la f~g.~3, 

Para compensar los efectos de variaci6n de temperatura, 

se emplea un·circuito con banda compensadora (ver tema 3) o bi~n el fa 

bricante adapta el semiconductor para que dentro de ciertos límites de 

utilizaci&n y poro determinadós materiales, variaciones de temp~ratura 

no produ~can deformaciones aparentes. 

... -· -·- /..) -~·[~-~---J--"d; 
,; ><"'.;'1: 

1 

Jt-/ .. >::¡. ... -· - .. ~; :;:;,;(~/:-~-]. 
--·· -l-:'~:.~::~-.- ~:;~.~· 

_.:-:1,-._~-..:..- 1 
~;' :-·- ¡· : 1 

-.---4-r-·-··,·. , ' . ~ i . !- ;_op:;. 
t· :_: _¡ .:: ~t?'.:';: .. f _:__ 
·r---::-j:-:~;r~/ 1 · 

·:F.··::~[---· : ---1- . 
• - 1 
............. 1 1 
L_ -- ~---J 

En general las t~cnicas de peg~ 

do, protecci6n, etc, ser6n id~n 

tices a las de los extens!met.ros 

met61icos. Añadiremos por 61timo 

que los monocristales de silicio 

son perfectamente el6sticos, io 

que hace que e 1 fe n6menó de hi~ 

teresis y .fluencia quede prdcti-

___ ~28:__· {rg 33 
__ ____: . comen te· reducido al que int rodu 
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2.6.5. Bandas para muy altas presiones y temperaturas 

Las necesidades surgidas en la invest igaci6n de programas ,e 
oeroespac_i a les de armamento, 1 ineas submarinos, grandes obras de i nge­

nier!a civil, etc, donde es necesario medir ·deforrraciones en condiclc-

nes ambientales francamente adversas, ha motivado el desarrollo de ban 

das especiales que pueden trabajorm bajo elevod!simas presiones y temp~ 

roturas, con excelente exactitud. 

A título anecd6tico señalaremos, que gracias a estas ban 

dos especiales, se han podido medir deformaciones en el cono del fuse­

laje del avi6n ·cohete americano X-15. La tecnología que se expone 

corresponde a la desarrollada por la firma Microdot lnc. 

El principio en que se basan e~ el cl6sico por el cual 

·la resistencia de un conductor el6ctrico varía si se somete a tensio­

nes mec6nicas, sin embargo, respecto a las bandas convencionales, se 

diferencian en que carecen de soporte y su parte activa la constituye 

un conductor en f arma de U int ro duc ido en una c6psula met61 ica de 1 a 

que est6 aislado por .polvo o pfesi6n de 6xido de manganeso (fig. 34). 
1 . •• 

Se e fectua su f ij oc i6n al punto de med ic i6n soldando por puntos la ·b!! 

F. fa. r-J e n. t.:. ~ ~ · ( r 

,j.., l• ... _ .. :-:-..; ' .. 

:...... .. _,.. .. _ ... 

se me~6lica del sensor. En la cons­

trucci6n del filamento se.utilizan· 

aleaciones de Niquel-Cromo para m~ 

didas hasta temperaturas de 3509C 

y Platino-Tungsteno hasta 6502C. 

de ~O Los hilos terminales para uni6n de 
'------

S o por te_ de. A e 1 nc.,.. 

fi$34 

los cables a los instrumentos de-

lectura ;os constituyen los oxtre­

mos del p~opio filament~ y osf se 

consigue una resistencia meéanica 

·elevada¡ esta forma de terminales 

se realiza actuando por erosi6n -

química sobre el hilo con st i tut i vo de], sensor de ún d i6met ro igual al 

del terminal ha~ta que la parte activa quede al di6metro inferior ade-

e uódo. 

Las aleaciones Cr-Ni del filamento se someten a tratamien 

tos t~rmicos~ para que la voriaci6n de resistencia debida al coeficien 

-· 

<' 

e~ 
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te tlrmico de resistividad, sea de 1~ misma magnitud y signo contrario 

,que la originada por dilataci6n t~rmica, con io que se consigue una­

~tocompensaci6n en un rango de utilizaci6h que especifica el -fabrican 

te. 

Si la aleaci6n es de Pl-W, un tratamiento tlrmico de la 

mi_sma, no ofrecerc:S una garant ia de e onsegui r una buena coinpen saci 6n ..: 

del efecto de temperatura, por estor diseñados para trabajar.a eleva-· 

dos temperaturas, por t9l motivo, se utilizan bandas con coeficiente 

de sensibilidad a las defor~aciones nulo y que $e montan en la rama 

adyacente a la que se monta la b~nda activ~ e~ un circuito de puente 

Wheatstone {fig, 35); se observa que al construir la banda compensa­

doro arrollado en espiral, la sensibilidad a la deformoci6n mecc:S~ica 

es nula, y odemc:Ss se pue-de fabricar dentro de la misma c6psula de la 

bando activa; las ventajas que se derivan son enormes, pues se reduce 

el tiempo de montajey se consigue 
~ ........... , •.• t "'~'"" ...... , ................. ··.:·.: 

.... ~-~~~1\~'\~~\'\\~ :'·:~···: ademc:Ss que los gradientes tlrmicos 

incidan con el mismo valor en ambas· 

bandas, 
., 

Un pequeño inconveniente de la alea 

ci6n Pl-W se debe a las diferencias 

Rrc que pueden haber entre el coeficien 

--vv te t6rmico de resistividad y efec-

. to de dilataci6n del material de 
6eñq,( _ 

~ una resistencia Rtc, que compensan 

~ e:-- Tensayo, por eso se monta en serie 

__ .___ _ l__ esos errores, Siempre el fabrican-

fis.3s te incluye las e~pecificaciones de 

cada tipo.i 

La preparaci6n de superficies paro montaje, no necesita 

de la meticulosidad de los bandas clasicas, 

El 6xido. de manganeso es introducido, con suficiente -

compactidad, para que pueda transmitir las deformaciones d~ la extruc 

41 tura al filamento. 
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CIRCUITOS DE MEDIDA 
TEMA II I 

3.1. Teoría del Puente Wheatstone 

l+) (:-) \ 

- ''e- .. JT! v~ ---

fig.! 

La fig. 1 representa el esquema de 

un circuito en puente de Wheatstone 

que es el m6s universalmente utiliz~ 

do para medidas extensom6tricas. Las 

bandas extensométricas podr6n ocupar 

uno, dos o los cuatro brazos d~l pue~ 

te, denominÓ8dose entonces circuitos 

de 1/4, 1/2, 1/1, de puente respecti 

váme nte. 

Se llaman ramas activas las ocupadas 

por bandas que se deforman por, ·:s"'q)¡:.i­
.:·.(~t.,"<:~· \~!.' 

citaciones mecánicos y ramas pd§i~as 
---~-- '4 .. ~ 

_____ aque__-_11-as--que_no-interviene.n en l'a me-

dido. 

La d.d.p. Vs en ia diagonal de G tiene 
V. - V. (..Ji_ - ft~ \ 

por valor ·, 
[il 

s • e \. (\...,,., r~. +ru J · 
para pequeñas variaciones de r, ~ f1.; r3 lr14 . _ pode-

d e r i va r 1 a (i) entone es : · . . -

f:.\1 ::'/ rAr,(rr"r.)-r,(Ar~t~r,_) _ Ar .. (rJl+r11 )-r~(ar3+.ótü)J·= 
S e L ( r, + f''t ) l. ' ' - ( \ ~ + r 4 r· 

mos 

_V \ r, r, ( A1i 6r1. \ r;r" ( Arll /J.r¡ )1 
- e L(r,~r'L)l. G- ~)- (f0+r"t T- T 

S~ ee circu~to está. e9u.¡.lLbrodo !!. : E_ 
r. . r1. r3 

A.Vs=\/e\ r,r~ (~r, _ ML)- _i_ (.dr, _ A'l)] 
l(r.+tiJ' r, r, (J+ ~: )' r" . r~ 

~V. : 'J l- r; r'" ( A r. _ ~r1. ~ _ A ru )] s e (,.. ,.. )l. . + . • . _ -_ ', + ,,_ r, r1. r~ r,. . - -[2] 

S i.. r, :: r1. ; \3. :: rl4 

AV:. Y.!_ f ~r, _ L\li +A.§._ Aru \ 
~ Lt. \ r, · r-a. - r~ r14 } 

~ . - . . . .. . - . .. . .. [3] 



de donde se deduce que la portaci6n a la d, d,p, de salida Vs de dos 

ramas ady~centes que experir~ntan un Ar del. mismo signo, tiene senti­

dos opuestos, propiedad importantísima que por algunos autores es deno 

minado"ley de signos". e 
Si la expresi6n A..r.r.-~+ A:Y-- Ana , la transformamos en otra de forma 

Ar - • ''A. ''» r~t e p. r . la [3] queda Vs=~ t'- AR --(3a..) en la que el -

factor de puente "p" incluir6 la aportaci6n a la se~al de salida de 

todas y cada una de las ramas, siendo 

t'- :. I: a.ll\. ~ en : a.. 'b, c. - Q., b,. e"' + ~~e~- o.." b~ e~ - . - . - - · - · - [k a.1 
Los subÍndices indican la posici6n 

a..; b, ¡e, 

(_+)'\+Ar 

., r-ar 
O..Ojb .. ¡'1 
(-) ~ 

~P---

"\ a.'l; ~ i c2. 

a. lb ,\>s , e B 

é-") 

relativa de las bandas del puente, 

respecto a un sentido arbitrario y 

a cada rama le asignaremos tres co~ 

ficientes a, b,c, cuyo significado 
/ . . 

es el s1gu1ente: 

El coeficiente a es indicatiyo de si 

la rama es activa o pasiv~ por lo que 

tiene de valor: 

a= 1 para ramas activas Ve 
fig"2 a= O para ramas pasivas ~~ 

El coeficiente b indicar6 si una rama activa del puente sufre deforma 

cienes por esfuerzos de tracci6n o de compresi6n, por tanto: 

b= +1 si ~r >o 
b= -1 si ~r-:( O 

(tracci6n) 

( compresi 6n) 

Si las ramas activas del puente ho sufren deformaciones absolutas 

simult6neamente i ·Jales, referiremos la deformaci6n de cada rama al 

valor m6xir'no de ~ siendo esto expresado por el coeficiente e, 

que por tanto ten~r6 un valor comprendido 

i~c :):.O 
Por todo lo anterior, si consideramos el caso de la fig. 2 tendremos 

que: 

al= a2= a3 = a4 = 1 

b 1 = b3·= + 1 

b2= b4= -1 

c 1 = c 2 = c 3 = c 4 = 1 

por lo que: 

p= !.Li-.!. (-~). i +- i. L!- LL- !).1. :: ~ 

por ser todas las ramas activas 

por corresponder a esfuerzos de 

por corresponder a esfuerzos de 

por ser ~ un valor abso~uto el 
las cuatro ramas del puente. 

Vs .:. Y.(¿ fl. ~~ ~ v'e A r 

troce i6n 

compresi6n 

mismo en 

- - - f.sJ 

-



e 

~on51a$remos part1cu1armente el caso del circuito de 1/4 de puente 

~\ ( f i g • 3 a ) · e n 
el se.cum·ple: _ l. r+!J.r --.! )- L\r ___ :..fG] 

AVs-Ye.\..2.r+-~r 2 - .. - - .... , ·~ 

is3a. 

~xpresión que indica la-no existencia de 

proporcionalidad lineal entre la se~al de 

salida y la defo~mación; solamente cuando 

~sta sea muy peque~a, se podría despreciar 

y quedar 

--[re¡_] 
el termino o;sAR del denominador 

Vs :-. '¡,e a: - - -- - -
En el circuiro de 1/2 de puente (fig. 3b)~tenemos que: 

'Vs 

A Ve .,. 
fi_g3~ 

que es un circuito lineal 

p= a1b1c1 - a2b2c 2 
al= a2 e 1 

bl= 1 

b2= -1 

Cl=c 2= 1 

p= 2 

Vs: Ve !"' LlR :. ~e !J.r: 
~ R 2. ' 

-- [7b] 

4l 3.1.1. Principios b6sicos en medidas extensomltricas 

Hemos visto como bas6ndonos en el puente de Wheatstone, podemos -

transformar las varicciones que la r~sistencia queun extens!metro 

experimenta cuando se deforma·,:, en una variación de diferencia de 

potencial el~ctrico; pero en la mat~rialización de las medidas deb~ 

remos tener muy en cuanta ciertoa principi08 con el f!n de no cometer 

errores. 

En primer lugar consideremos la fig. 4, en la que se representan db• 

1 ..... - -----, 
' 
1 

1 1 

- L !~:.r":uz:nt:' _ J 

{i~ 4· 

R, ~t. 
circuitos de medida en 1/4 de puente que 

son conmutadas al instrumento de lectura 

a trav~s.del conmutador~ si la resis~ 

tenci~ de los contactos no es constant~, 

cada vez que conmutemos, a la variaci~n 

propia de la resistencia de la bond~ aR2 

diremos la variación de la resistencia 

de contacto del conmutador, que introduce 

un error en la medida,lo que nos dice­

que dentro d~l circuito del. puente a,b, 

c,dno·deben producirse m6s variaciones 

de resistencia que ias producidas por las bandas. • !l. 



Si existiesenotros conmutadores C~ y c3 que actuasen ~n 

el circuito externo del puente, no se introducirían errores, aún cua~ 

do las' resistenci6s de contacto fluctuasen entre una y otra actuaci6n, 

pues en realidad buscamos la condici6n de equilibrio del p0ente .que no 

se ve afectada-por dichas variaciones. 

Por tanto en toda medida extensométrica se cuidará rigu­

rosamente, no perturbar las ramas del puente por cambio de cables, cb~ 

tactos defectuosos, resistencias de conmutadores (serán de excelente 

calidad) etc. etc. sin embargo pequeñas perturbaciones en las diagon~ 

les no tendrán influencia. 

Otra condici6n básica será la garantia de un perfecto 

aislamiento d~l circuito de ~dida, g ya que defectos del aislamiento 

(fig. 5) suponen, bien la puesta en cortocircuito de cierta longitud 

activa de la banda, o bien el acoplamiento en paralel~ de una resis­

tencia de elevado valor, y en cualquiera de los casos la medida sería 

err6nea. 

3.1.2. Compensaci6n del efecto de varia 

e 

ci6n de te.!!!E_e._C9tUJ:_~-- ... 
. -- -

Los materiales sobre los que se montan 

AeH~c:L 
f1g Go.. 

A di ITd Co~nsa.c:lora. figGb. 

las bandas sufren deformaciones por -

efecto de las ~ariaciones de temp~ratu­

ra (tema 2 apartado 2.2.3) q~e no crean 

tensiones y que por lo tanto son ori­

gen de errores: si la banda es autocom 

pensada, ~e vi6 que, dentro de ciertos 

límites ~e temperatura, estos errores 

son despreciables, no obstante, ~i ~1 

circuito de medida es un puente de 

Wheatstone, podremos corregir los erro . -
res por variaci6n de temperatura en -

cualquier rango utilizando una banda 

pasiva o de compensaci6n. 

En la fig. ~la banda montada sobre probeta sufrirá de­

-formaciones cuando hayan variacion~s de temperatura, pero si (fig.6b) 

sobre un trocito de material idéntico al de la probeta montamos un~-

banda compensadora; haciendo que en el puente de Wheatstone ocupe una 

rama adyacen~e respecto a la activa, ocurrir6 que por variaciones de 

terr,peratura, las dos, activa y compensadora, se deformarán en la misma 

e 



e· 

e 

e 

¡,.magnitud, pero ~u aportaci6n a la se~ql d~ salida ~s nula por la ley 

de los signos y por tanto el circuito de medida solo ser& sensible a 

las solicitaciones que sufra·la probeta o element~ de ensayo, 

Este m'todo pre~enta el inconveniente de ne~esitar dos 

bandas, pero tiene la gran ventaja de compensar los efectos de varia­

¿i6ri de temperatura en toda la gema de utilizacii6n de las bandas, Por 

otra parte en mediciones de varios puntos, puede emplearse una compen 

sadora comdn en la mayoría de los casos¡ as! mismo, se podr6 buscar,­

la disposici6n adecuada en ciertas medidas que ne~esitan dos o cuatro 

bandas activas, para que los efectos de temperatura queden ~o~pensa~ 

dos (Se ver6 con detalle en el apartado 3.1.6). 

3.1.3. Configuraci6n del cableado en diversos mol'lt.,Q.jes 

Sea cualauiera el instrumento de medida utilizado, las 

A 

fl 
o 

fis -fa 

P.. 
Il 

P,. 
s'J. 
S~ 

~1_glb 

p 350 

p.35ü) 

t-) 

fis 1c 

!a.~ec.turo ~.fec.tLIR:I . 

í~ 1~ I~i17d ~J 

bandas se montan de forma que -

constituyen 1,2 o las 4 ramas de 

un circuito de puente de Wheatsto ., . 
ne, .incluyendose dentro del ins-

trumento las resistencias que -
completen el puente seg6n la con-

figuraci6n. Estudiaremos la dis-

posici6n de los hilos de uni6n -
del circuito de medida a los ins­

trumentos seg6n las diversas con­

f i·gurac iones. 

12 Circuito de 1/4 de puentei 

En el caso de medidas en las que 

se pueda considerar la temperatu­

ra constante, el montaje de 2 hi~ 

los _de la fig~ 7 se puede utilizar 

sin m6s limitaciones que los err2 

res de linealidad, pero si la -

temperatura varía, a6n dentro de 

los límites de autocompensaci6n, 

(si la bahda est6 autocompensada) 

nunca podremos corregir las per­

turbaciones que se originen en -

·los hilos de uni6n, ·ya que éstos 



no pueoen. au·t:ocompensarse; por ésta ra~~n se adapta e 1 montaje de 3. 

hilos (fig. 7b) en .los que se consigue una simetría del circuito re~ 

pacto a dos ramas adyacen'tes y por la ley de signos, quedan compensa 

das ~as perturbaciones en la l!nea. 

En la fig. 7c se resume lo expuest~ viendose que el tras 

lado del vertice A influye en que los conductores a y b actusn en uria 

sola rama (2 hilos). El. conductor e por actuar en la diagonal del-­

pu~nte no influye (3.1.1.) en la medida. 

En medidas de gran responsabilidad, s~ puede utilizar -

el circuito de 4 hilos (fig. 7d); se harán dos medidas,_ conectando a.!_ 

ternativamente los hilos según el esquema y obteniendo la media arit­

mética de las 'dos lecturas. En realidad se han efectuado dos medidas 

con montaje de 3 ·hilos para eliminar posibles asimetrías del circuito 

22 Circuito de medio puente.-

El circuito de 1/2 puente es el que se ha indicado para 

la compensaci6n de los efectos de temperatura, En general se ut~liza 

cuando se quieren eliminar, efectos que actuen ramas adyacentes del 

puente (fig. 8). Por su simetría, las perturbaciones en la línea quedan 

compensadas. 

·6-

f\ P-350 

~isB 

_ 3i Circuito de puente completo (1/1) 

{i~ 9 

Si utilizamos las 4 ramas como activas, ob­

tendremos la configuraci6n de la fig. 9, en 

1~ cual por ser un circuito sim~trico se -

compensan los efectos par6sitos que pertur­

ban por igual a la línea. 

3.1.4. Perdida de sensibilidad en las lí­

neas de ·transmisi6n· 

Los hilos de uni6n del circuito de medida 

extensométrico a los instrumentos de lectu­

ras. añaden resistencias en serie a la ban-. 

da, que afectan al valor del fac~or de ban-. 

da K y suponen una perdida de sensibilidad. 

e 

e 

e 



e '' 1' 1 
' ; 

}-& 

Rg. Valor 6hmico nominal de 

la banda. 

Rl= Valor Óhmico de la l!­

nea de transmisión. 

ARg. Variación del valor 

Óhmico .de la banda. 

en efect~ por definici6~ el valor del -

factor de banda ts&rico K vale (fig. lO) 
~- ~~<YR. 

K=~'.·~ .. • [7] 

paro al factor verdadero seré: 
AQ~ L 

K : ~ .. - - - - .. · 1o.] 
V ~ . 

Dado que el fabricante de bandas ignora 

cual ser6 la ·resistencia de los hilos -

utilizados, habré aue introducir 
tor de corrección de valor: 

. 11- ¡.¿~ 
D : ___:t_ : • - ·-

t< Q~+~\. 

un fac ... 

.··· tB1 
O se lla~a coeficiente de desensibiliza­

ción y ser6 pr6cticamente 1 con lineas 

muy cortas, pero si ~stas son superio­

res a unos 10 metro~ es aconsejable; ha 

cer la corre6ión, para lo cual si no co 

nacemos la resistencia del conductor de­

ber6 hallarse experimentalmente. 

e E Alargamiento ·unitario 

3,1,5, Relación entre deformación y 5e­

ñal de salida 
·K. Factor de banda aislada 

Kv Factor de banda real 

fi8 io El.objeto ,principal de la Extensome~r!a 
' 

es el conocimiento del estado de deformaciones, pero en el estudio de 

los circuitos de medida hemos visto que las defo~maciones del material 

donde se monta la banda, producen una variación de la resistencia de 

la misma y que al ser •sta parte activa de un puente de Wheatston~ or! 

gina una d.d.p, en una de sus·~iagonales proporcional a la deformación, 

es decir que ser6 necesario establecer la relación entre el est!mulo 

{deformación) y ld respuesta (d.d.p. en el puente). 

[ ] V 
V(: ,t.g . 

Recordando 3a. : s:. 4 t'- R , 
1 b.f?./R 

-~ la L 1- a....\ 't( ~ ---

deducimos que: 
Vs· Ve K 
-.:~r-

E. 4 . 
. [io] 

4t· Relación importante sobre todo cuando la lectura se efectua con ins­

trumentos que no dan lecturas directas en microdeformaciones. 

Ejemplo: El elemento de la fig, 11 est6 sometido a un esfuerzo de -

·tracción simple; si medimos al aplicar la 'carga, a la salida del n••An+A 
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3,1,6, Estudio de diversos circuitos de medido 
............................... •• ·----···· 41:10 1 ............. ~, .. .... 

Es muy frecuente, Que en el punt~ objeto de medido in­

ciden esfuerzos compuestos ~ si~ emb~rgo, solo nos interese conocer 

4lt lo influencio individuol de dichos esfuerzos como veremos estudiondo 

casos pcrticulo·res. 

e 

Trace i?_n __ o_co"!P_r~s i6n simple 

Si el elemento de ensayo est6 sometido simult6neamente 

a flexi6n, tracci6n compresi6n y variaciones de temperatura amplias, 

el circuito de la fig. 12 solo ser6 sensible. a l9s'esfuerzos de ~rae 

ci6n 6 compr~si6n; en efecto, la variaci6n de resistencia de ¿oda -

una de las bandas es (llamahdó·Ro= valor nominal de le banda;áRr= 

incremento de Ro por la componente tangencial; ~RN= iden, normal y 

ARt efecto variaci6n de temperatura 

TRACCION O COMPRESION PU~A 

1 
C2' 

~ ichwr; ._ 

f.! 
S. ¿_ ________ p!.l. 

~ 

$ 
f 

Ve 

i1s i2 

RAi: R.3+~R-rt.6~N-rill?t 

RAi : (>o t 11 Rr - ~ RN t- ll.R e 

Rc'2. =R. +11 k?t 
Rc·2. : í?0 +~ Rt- ~i. a..p-L.ca.m.vs 

hQt' f::.(!T AC:t..~ 

t 
~ 

' 

ea. f3 J 
---r ~ -~ nn . 2n nn 

L.I-.G "-o L~"o 

l:d2t ~. ~ Rt __ !_R:_ )-: ~e ~~~ (HJ 
'2f2;,¡ 2R.,. 2.Rc- 4 í<o 

. \e ( "7::> \s:- ~ b.Rtv 
- -~ '2 Q + '2.,..., ~ 
- o ~.; ,, -

. '~-

. f_·: 
1 

\'e A Q.. \,e K E 
~ ---p:;: 1; ·T 

A (. - LJ, ~·S 
l - K ve 

[i2J. 



Lo anteriormente expuesto es v6lido siempre que por el 

eje de aplicaci6n de cargas pase un plano de simetría de la pieza, y 

exige el montaje de dos bandas por rama del puente, siendo aquí de 

aplicaci6n el utilizar valores fraccionados (ver 2.2.1.) p.e. 60 ohms, 

para que la impedancia'del circuito sea 120 ohm, siendo esto ~ltimo 

preceptivo si no se montan compensadoras y se utiliza montaj;, ae 1/4 

·de puente. 

Flexi6n simple 

FLEXIDN PURA 
.o 

~ 
. 

ND se montan 

com penaadoros 

:l-) Acfiva& 

$8 
' 

t 
v. 
~ 

Vo 

{ig !3 

Para medir una flexi6n simple (fig. 13) 

eliminando otras influencias, no es nece 

sar1o mon ar andas compensadoras, ya -A2~ . t b 

que el propio circuito compensa· los efe~ 

Al tos de variaci6n de temperatura.· ,Se -

cumple que: 

RA1= Po+-L1Rr +iJ.RN +..6 Qt 

RA~ = Rof!J. Rr- ¡j !<111 + J1 R t a.r-lican.do [3] 

Vs: lk {A Rr +' L1R.w + t1k't _ L1Rr + /j 1! N 

4 Ro ~o f<>o Ro 1<0 

Ve L11?11 
=y Ro 

Vs. = Y!! ~Je"':. v~ "K e."' 
Q · +?o 2 · 

~ ¡j l?t:'­
Ro j-. 
[1.3] 

é M :. Q Vs ~ 4 ¡:-/11 R_ . = 3 f r r _ _ _ _ [ i J,] 
Ve~ Tt E'r3 L3 

W= O,Sb' 
r E --L"l f 

N= frecuen~ia natural 

f= .flecha 

E= Modulo elasticidad 

f= densidad 

e 

e. 

e 



e 

e 

e 

Torsi6n.-

!y 
) o b -- ~ .) 

~ig 14 

liq i5a 

~,., 

~~ 

Recordemo~ (fig. 14) que u~ eje sorne 

tido a un par de .torsi6n expe~imenta 

s~s máximas deformaciones en una di­

recci6n que forma 452 con la direc-

. ci6n de sus generatrias, y que dichas 

deform6ciones son iguales y"de signo 

contrario; por tal motivo si._situa­

mos las bandas a 452 seg~n ld fig. 

15a, tenemos que: 
1 . ., 

eA~; Í:v t- A Í:?c ~ !J. Q T" + .b "' t 
' "·-:> . . .._~\": ¡.?j- Ll.t'c .,-f:. Rr +· fl í?t 

V, _ '1/e (. 11 Re !:J! .. ~ ;\f?'r . ll_ 0r: _,\_~e _ b.l2'r: -
S - - - .,. - t - "+- --~- +- . --:o-· - ·---:- -

· 1 , n . :J n n '? R 
,_. . _.._,_ t-:.:; "-'o. '~'-'-' t.:..·cl ,¡ 

_'l./e. A Qc - a:- --p:;- -

1\ . ., ) ~~~¡t _e . :-. 
. ·-" ... 

~Podemos considerar que: ~;k# • 
.·. . . t 

\.s ~ ~~ K· 2.ct-

t15J 
hbJ " Ea ) 

siendo?el esfuerzo cortante y G= ) · 2(/rk / . 

k ! 2 ~ 

[-- -' ;'. "'~ . e~~ _:\ 
D, ti & G'd ·" 1 

' 

3 
!ig !5 b 

1 '-

/ 
') "l' 

En el montaje de 1/2 se _e:t.iminari· los 

efectos de tracci6n y compresi6'n> .... 

pero no la flexi6n, se puede demo·s_--

t rar que en la configuración d··er 1/1 

de puente' el circuito de liied:ida- solo 

es sensible a esfuerzos pro~~cido~ -

por torsi6n (fig~ 15b). 

3;2. Circuitos de calib·r·ac=i6ri-Y 

librado 

.J 1-·· 

~ 

La t6cnica de calibraci6n· de·'· un··. pue'ri--

te de Wheatstone para exter,sometr!a·, 

consiste en produci,· en una: rama del 

puente, por shuntado: de· una- re·s·is-feh­

cia, un desequilibri~ igual~a~q~e s~· 

produci~!a al someter· o· de~~~minbdn 

solicitaciones el ele:me'rito- de ehsbyo 

{(S 1G < t i g • 16 > • 

El efecto de la resistencia de calibraci6n Re, es e·qu-iva~le·r-¡H~'' a:.· 

una compresi6n sobre la rama que actua. Supong~mós que- d~seaffib~· 

calcular el valor de Re paro que tengamos un efecto e~uivalehte~ 
( 

a 500;.v~ en un circuito de bandas de. R0 = 120 ohm, K = 2 exc1 ta.:...· 
1 

do con Ve = 2 V; tenemos que: --tfi ·-



l<c k" o ¡?, 
Ó. g _ 1?c +~.:~ - 0 -

R"- -
-l<o [~1] 

;_-"';;"' ·-· 
.QC. +~o í2o 

t =. Ro _j_ - ~1_8} 
Rc.+-eo K 

Re.=- Ro(J~'E\:::)-:.- !2o.ooo o~·m.- - - ~ ~i"] • 
. . E\( 

El signo (-) indica que se trata de ¿ompresi6n. En la 

fig. 16 se supone que un solo brazo del puente es csctivo, en general 

y teniendo en cuenta el n2 de brazos activos del circuito, encontra­

mos la expresi6n general 

Re.~- +?a l2o} 
NEK 

en la que: 

Re= Resistencia de calibraci6n 

Ro= Valor nominal de la resistencia de una rama del puente. 

K= Factor 16ngit~dinal de sensibilidad de ld banda. 

E= Alargamiento unitario equivalente que produce Re . 

. N~ N~ de brazos activos del circuito del puente. 

(El termino E.K en el numerador se desp-recia p,-:>r ser muy 

pequeño). ., 

Si el instrumento de lectura da indicaciQnes directas 

en microdeformaciones, lo explicado es suficiente, pero ocurre, sobre 

todo en medidas dinámicas, que tendremos que establecer una relaci6n 

entre deformaciones y d.d.p. a la salido de los amplifi~adores ~ue ~1~ 

van de nivel las d~biles señales del puente de medida¡ siendo rugla -

práctica, buscar escalas enteras. Ejemplo. 

En la fig. 17 se representa el circuito para medida c.'e 

tracci6n simple en una barra circular de 500mm2 de secci6n, se' desea 

que una carga lÓ KN d~ una indicaci6n de 100 mV en. el instrumento .tfe 

lectura (1 da N/mV). 

f 

~~
~ e; 
:r:o;·J 
~ ¡, '• ~ 

·- t---1 1 1 r"-Jf 1--, Jt. !O¡ o1 . -mV-
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. Luego si colocando una Re=_ 252.100. ohm, ajustamos ia 

ganancia_ del amplificador para )eer -100 mV, tendremos ef circuito 

preparado paro leer las fuerzas F con una escala de 1 da N/mV. 

Observase que se ha empleado ~ircuito de 1/4 de puente 

con 2 ·bandas de 120 ohm. en serie poro eliminar efectos de flexi6n y 

torsi6n. 
., 

La calibraci6n de .un circuito extensomltrico por shunt 

e de uno resistencia es casi universalmente aceptada, no obstante pre­

sento ~1 inconveniente de insertar lo seRal de referencia en registros 

din6micos, yo q~~ dicha seRal se sup~rpone o lo componente din6mica y 

la suma puede salirse del rango_ de medido por soturaci6n de instrument~ 

poro paliar ésto/ se puede utilizar uno resistenc io en serie. tal y como 

e 

,-'" 

B 

41$ i8 

se indico en lo fig, 18, osi abriendo 

el interruptor A dejamos sin excitoci6n 

el circuito y nos morcar6 el cero 

~orrespondiente o cargo nula) y si a 

continuoci6n cerramos B, obtendremos -

una seRal de referencia independiente 

del estado de carga del circuito. 

Se demuestra que para producir la misma seRal la rela­

ci6n entre los valores de la resistencias shunt y serie son R&=2Rc. 

Hos~a aquí hemos supuesto siempre que el puente de Wheats 

tone estaba·compleiamente equilibrado paro cargos nulas en el dircuito 

de_ medido, pero debido a las pequeRas variaciones de resistencia qtie 
. . . 

se originan al montaje, (por soldaduras, varia~iones de la propio_ resi! 

tencia de la banda al ser pegada~ etc,) la se~~l de salida Vs tendr6 un 
. ~~ 



pequeño valor que conviene anular para hacer lecturas directas. 

El desequilibrio inicial del ·puente en medidas estáti-

cas, con instrumentos que· dan lectura directa en microdeformaciones, e 
obliga a hacer una lectura inicial estando sin carga la pieza dé ensg 

yo que será restada de las lecturas posteriores bajo carga. En el caso 

de medidas dinámicas, partir con un desequilibrio, equivalé a introdu-

cir una componente de cont!nua constante. 

Varios con los procedimientos que pueden utilizarse para 

corregir un desequilibrio inicial pero el más universal, consiste eri 

colocar un potenci6metro de alto valor 6hmico en la diagonal de ali­

~ntaci6n del ~uente con el contacto m6vil unido a trav's de una re­

sistencia RA al v~rtice intermedio tal y como se indica en lq fig. 19. 

l 
T • • ~ 

{i~ i9 

f1s2o 
Para el cálculo 

La resistencia RA limita ~1 tanto por 

ciento de desequilibrio capáz de corr~­

gir y el potenci6metro P dá el poder -

de re$oluci6ri de dicho ajuste. En efec­

to, supongamos que en el circuito de la 

fig. 20 queremos calcular RA para poder 

corregí~ desequilibrios 9e un 2% o lo que 

es lo mismo suponer que: 
~\ = R ~ = k';.. :: 1. 2. o o i, m. 

í21 : 1. i. 1, CO o ~m 
La resistencia total de la rama 2 tiene 

que ser igual a la de la rama 1 por ta!l 

to: J_ . -~- + J_ -~ _i_ = __!_ ·f4=,· 
~ · í?1. · 12A. (n.c i '2..o r<A 

D - ~. R2 - 5 eso ohm.. 
t--J.. - a n - ~· ===========-====-~ 

l<l.- "' . hemos supuesto que el curso~ del poten-

ci6metro está en un.extreno, por lo que· si Pes de valor elevado, al 

estar.en pqra~elo:con R, no le influye; para desequilibrios inferiores 

al 2% desplazando el cursor se consigue la posici6n en la que por G no 

circula co~riente. 

Otros procedimientos pueden consistir en añadir resis­

teneias en serie eh las ramas hasta conseguir el equilibrio, pero si 
J 

bi'n este m'todo es aconsejable para la construcci6n de captadores, 

es práctico en medidas extensom,tricas salvo casos muy especiales. 

no 

8 

e 
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e 
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En instrumentación para medidas din6micas, los desequi-

·¡ .rrios de los circuitos de medida se co~pensan introduciendo una con 

tratensión eh la entrada de amplificación, ~on lo que se consigue no 

desensibilizar·en absoluto el circuito e {ncluso produciP "falsos ce­

ros'' cuando las condiciones de la medidn 16 aconsejen 1fig. 21). 

'---t--'J 
~~ 

/ 0 \}oH~ 
~· 

{:fS_.2.i 
·sea cual ~sea el procedimferito ·con el que corrijamos el 

desequilibrio, los componentes utilizados serán de pre.cisión y ·e·s·ta­

bilidad idéntica a la exigida al circuito de médida. El·potenciómetro 

P será de 10 vueltas y provisto de duodial, q'ue permitir6 ,reés-t.able·­

cer las condiciones iniciales de eq~ilibrado de manera f6cil, a6n -

cuando las condicionas originales hayan.variado. 

· ... 

3,3, Captadores extensométricos 

El conocimiento de la.s t~cn ic as extensométr ices .abre. la 

posibilidad de construir captadores q~e efectuen la transducc.ión de -

cierta energía mecánica en eléctrica, pero no obstante hay que ádvertir. 

que los. problemas que en éste cometid<? se presentah, son ·tan compleJos., 

que solo verdacjeros especialistas serán capaces de e.~onseguir .r.esulta-
• • 1 • • l, . 

dos aceptables, por lo que todo lo expuesto a ~ontin\Jación, debe cons.!, 

derarse solo a t!tul~ ·informativo, para mejor comprend,~r .el f.unciqnamie!!. 

to de estos instrumentos indispensables en un laboratorio de ensayos -

din6micos. 

Un captador estar6 formado por~ un disposit·iv.o mec6ni.co 

que sea sensible de forma mayoritaria a det~rminados par6metros fisi-
. ·. . . \ ~ 

e os (fuerza, presión, . a ce le ración, etc) y p r6ct i comente i.n\sens ib:le a'l 

resto de fenómenos que incidan simult6m~ amente sobre él .. Si ·sobr.e el 

elemento sensible del captador montamos bandas extensomé·tri(.~as,, podr~ 

mos medir 1 as deformaciones de éstas re 1 aci on6ridol.as· con .el par:ámet:ro 

que las originó, como es lógico, podremps conseguir la independencia 

del captad6r a solicitacion~s no deseados valiéndonos ~el adacuado di 

seAo mec6nicQ y de la disposición de las bandas. 
_,, ... _ 



Lo eiección de los materiales que C'onstituyen- lo parte· 

mecónico del-captador es de vital importancia y se tendró muy en cue~ 

to que el módulo de elE:Jsticidod E, seo totalmente con.stante en el mo..c. 

gen de ut il izoc ión y j omás sobrepasar la .zona 1 in e al de t ... aboj e:>, . exe_!! 

to en lo posible, de fenómenos de histeresis y fluencio, siendo norm_2 

tivousobrepasar en las ca~gos 1/10 del límite elást{co. El coeficiente 

de dilatación tiene menos importancia una vez que la~ d{lot~cion~s se 

rán-homogeneas. y se utilizarán bandas autocqmpensadas. 

A t!lulo de ejemplo en la fig. 22 se ofrecen esq~emati­

came·nte algunos monta;jes para medidas de los por6metros que se i ndi­

can. Nunca habrá li~ite en dise~ar cualquier disposición mecánic~ que 

a~oda mejoras paro determinados fines. 

Hasta aquí nos referimos a bandas extensométricas pega­

das (~onded Strain-goges) ~ero en captadores se utiliza gen~ralmente 

otro tipo de extensímetro en el cual, el elemento sansible -es uh hilo 

sin soporte y apoyado sobre· unos. zafiros (unbonded strain-gages), ~iLe 

-

si bi~n cumple todos los principios hasta ahora expuestos, es muy di! 

tinto~ En efecto, conside:remos la fig. 23 en lo que las bandas extens2 e 
métricos tal y como los hemos concebido. hasta ahora son sustituidas -

por hilos conductores A, B,C y O sometidos a uno tensión previa; si la~ 

A 

e 

fr5 23. 

- carcasa interno se mueve por cualquier 

solicitación me¿anica (ej. acel~ración) 

o derecha o izquierda respecto a la -

carcasa ext~rna,.los hilo• A y D y los 

"ca.,-!=-CJ-6c:L 8 y e sufren· deformaciones de signos 
~rn.a.. • 

-·-··---·--contrarios ·respestivamente. La cona·-· 

MOIMIICG RlfCG 

&PRIIOGIU14HT 

xión eléctri~a del circuito para cons­

tituir el puente_de Wheatstc.lne se in-· 

dica .en la fig. 24. 

A. título. de ejemplo la fig. i~S indica 

la disposición adoptada por ~~Prl en 

sus captadores de aceleración. 

·-1--+--1-+if----S[ISMIC MASS 
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Desplazamiento 

FJonc-lo 

A : 

Fuerzas. 

Aceleraci6n-vibraci6n 

Masa 
st~tllfca 

M 
1 · "' Afl 
~cz. ryz tna.t~ 

/ •' ... ~·-:· 

Presi6n 

-•~----:~~~e -.T;I~j~ 
// l /1 

,· ~ ¡1'"-;:,/·j 
i (, //// 

.1 

Los desplazamientos relativos entr~ A 

(fijo) y A' (m6vil) producen una defo~ 

maci6n e~ la 16mina pro flexi6n, propo~ 

cional al desplazamiento d. 

Una borra cil!ndrica en tracci6n y/o 

compresi6n (evitar pandeo). 

Anillo dinamom~trico en tracci6n. 

La masa sismica M·~s sensible a las 

fuerzas de aceleraci9n y habr6 propo~ 

cionalidad con la deformac16n que su­

fra a f¡exi6n la l6mina M~ Sí la fre­

cuencia propia de la 16mina es supe~ 

rior a la del movimiento la respuesta 

será a la aceleraci6n y si inferior a 

la velocidad del desplazamiento de M • 

La membrana M se deforma si en la ca­

mara C hay variaciones de presi&ri~ 

~-;:: 

. > 

--~ 
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4 F 1 31 r 
&t = ;y;; = ls f 

_ - 4 iL F 1 _ - 3 fL 1 r 
e:2 - =• E r - L2 f 

4 F L• 
f=--

3 r. Er• 

N ==O 56!.. -~ , L• p 

t = 3 F R ( 1 _ 3.) 
e E a e• o. 

&· = -3 FR ( 1 _3.) 
' E a e• r. 

. F R2 

f= 1,79-­
E a e• 

M R 
t, = - f:) = ;c¡¡:p = IT IX 

2ML 
«=~ 

E 
avec G·= 2 (1 + ¡.r.) 

'-Lámina ai UndY.iaa en flexión 

F fuerza aplicada 
d = 2 • r. diámetro 
1 brazo fuerza~banda 
L brazo fuerza-encastrarni~to 
N primera frecuencia propia 
f flecha (desplazamiento de F) 

deformaci6n longitudinal 
deformaci6n transversal. 

El 
E2 

Anillo dinamométriao 

F 
e 
a 
R 
f 
E e 
E. 

' - _, --

fuerza aplicada 
espesor 
anchura 
radio medio 
flecha total 
deformaci6n longitudinal exterior 
deformaci6n longitudinal interior 

Arbol en torsión 

M=FI momento aplicado 
L longitud total del arbol 
a ángulo de giro en radianes 
La distancia de las bandas no afecta 
El deformaci6n de una de las bandas 
e:2 deformaci6n de la otra banda 

e 

e 
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FORMULAS PARA EL lALCULO DE TRANSDUCTORES 

~ 

¡"11 ¡._._u. 
-nr ..... 

• 

•. 9 • 
• . f . ., 
' : 

r.·-·'!--..: 
.~~-1 
: 1 

! "¡1:¡ 
\.. ' ,- ;-

, 

_,--;; 

r{~ .----7 
1 "·X~~·~! 
L l' L- • .. ~ , 

. --· ~-· --~-

~~~ 

o 

Ct=_F_ 
Ea e 

e
2 
= f1 F 

Ea o 

4 F 
e, = 1t E (0 2 - d2 ) 

-4~F 
e, = r. E (01 - d') 

ti 1- 1 ~e 1 
e,=~= 2L" f 

-6¡¡.FI -3¡ur
1 c1 m--= 

E a e• 2 L' · 
FL• 4 F L1 

f=--=-.-
3 E 1 F. a e• 

1 E 1 e E 
N = O 55 ·- -·- = O 16 - ·-

' L' P• S ' L' p 

- .§.f.!. = .! f c,-Eb.e' L• 

· -·tifl.FL_ fLef 
ea= -.E b e• '· - L• 

6 F L3 

f = e¡;-;;; -

Lámina en T~aooión 

F fuerza aplicada 
a anchura 
e espesor 
E 

1 
deformaci6n longitudinal 

E
2 

deformaci6n transversal 

To~o oi~ouZa~ en 
T~aooión%oomp~esión 

F fuerza repartida 
D diámetro exterior 
d . diámetro interior 
E

1 
deformaci6n longitudinal 

E
2 

deformaci6n transversal 

Lámina en flexión 

F _ fuerza aplicada 
a anchura · 
e _ espesor' _ 
1 brazo fuerza-banda 
L, brazo fuerza-€mp0tramiento 
N primera frecuencia propia 
f ' flecha 
e 1 deformaci6n longitudinal 
E2 deformaci6n transversal 

; 

Lámina t~ianguZa~ en iso{-~ex~ón 

F fuerza aplicada (en el vértice) 
·b anchura base . 
L brazo fuerza-encastrarniento(altur;! 
·f flecha . .· 
La distancia de las bandas no afecta 
E 1 deformaci6n ~ongi tudi.na;l 

< 2 defomeci6n ~onsversal 



T~mperoturas extremos de compensaci~n.- Temperaturas inferior y supe­

rior, que no deben sobrepasarse, poro_quer empleando lo compensoci6n, 

los corocter!sticos del captador se mont~ngon dentro de los límites 

definidos poro lo's mismos. 

Temperaturas extremos de empleo.- Temperatu~os inferior y super1or 

que, en coso de ~obreposarse, dete~minon lo ~frdido definitivo de los 

corocte r!_st icos de 1 e aptodor. 

Impedancia.- Sensibilidad o fen6menos para los cuales el captador no 

ha sido realizado, p.e.: Sensibilidad de un aceler6metro P?ra acele­

raciones perpendiculares o su eje primario (Cross Axis Sensitivity). 

Desplazamiento (Deflection).- Distancio entre las dos posiciones de 

un punto despu~s de cargado, comprendido dentro de lo que existe a 

cargo nulo y nominal. 

Ambiente (Stomdord Test Conditions).- Conjunto de aquellos valores· 

característicos del medio ambiente que pueden inflJencior los propie-

itiJ 

dades de un captador y que deben ser definid~s en lo c.olibroci6n. 1
-

Frecuencia natural (Natural frequency).- Frecuencia de oscilaciones 

libres en ousen¿io de cargos. 

Sobre~orgos el4ctricas admisibles.- Potencias límites para ei circui­

to de alime_ntaci6n y que no deben sobrepasarse, bajo el riesgo: 

a) De p~rdido d~-caracter!sticas de captador. 

b) Destrucci6n ~otal del captador. 

Eje primario (Primory Ax~s).- Eje segón el cual las·cargas deb~n ser 

aplicadas. 

3.5._ DeterMinaci6~ de las tensiones residuales 
i 1- -· - - . ·-

I n t ro d u e e i 6 n-~ -

\ 

Con los ex-tens-fmetros ohtnicos lo Úrii co que puede evo_ - -

luorse son cambios de. de formoci 6n. Por-consiguiente, si se desea de­

terminar el estado de deformoci6n existente en alguno pieza es nece-. 
1 

serio poder c~mbiar e~o defor~aci6n uno cantidad medible despuás de 

que se hayo pegado la( bando. A e ont inuot i6n, in te rpre tar odecu adamen 

1 



.. ~; te el cambio medido. 

• 

e 

e 

La·s tensiones residuales deferminadas por relajaci6n son 

un ejempl~ de este m'todo. En ,1, una banda se fjjo a la pieza_ Y. se 

mide su resistencia el,ctrica. Luego se perfora o corto un trozo de 

la pieza teniendo cuidado de que no se produzco calentamiento; y se 

vuelve a medir la resistencia de la banda. 

Si se produce una variaci6n correspondiente a una ±rae 

ci6n lb que habría es una compresi6n y recÍprocamente. 

Teorla. Para el caso de 'Í7elaci6n por taladro (f-ig.2_9 1 

Si ·se hac~ un taladro 
'. 

de pequeño di6metro (2Ro) en una re-
L~~-·~ 

- ~?'_~ tQ r,. t·-~. o 

gi~n con tensiones residuales, se - 1 

produce una relajaci6n de déformac-io L- ' . ! 1 
' ' ·~ : ... ' : 

nes. Las deformaciones suprimidas en 

el punto P a una distancia R del cen 

tro del taladro 

tens i6n :(l, son: 

cuando solo existe. la 

.· . 
.,, 

!j+ 
~- L' +el 

Er • - f; ·2. E ( ..L - _L c..o,2at+ J._ ·-\(-
r:·­

Ro rl t.¡~t . }+r 

: o(t "- + - (..0~ a(\\{ ,.. r- ,_ (,.(}$ . .,(Qt • € A+}J- ( ~ 3. ~ ~u 1 11 )' 

· o ' -ze r\ f 4 · ·l+)A- r1. 

(} r;. '; :--- . ~ - - Jttn. a( 
y -~ ( ~ ' 2 ) . !l 

.., .2 -~ rk rl 

Er- t'~'~ : ... <f', · --- c.o~ia~....;..- 'os 2 Q(: 
. J +)4 { Q. ' : t ) 

" 2 E ra. r" r,. 
que ·son funciones sinusoidales de la orientación. Por ej·emplo la de 

formac i6n radial suprimi.da puede escribirse 

' Er : (A ~ B C,(JS ~ 04. ) CT, 
y si ·existen simul t6neamente r, 'J r~ ser6 

E r: (A+ 8 ~os 2ot ) cr, + [A+ 8 ~tn ~ (ol-+ qfl')} :O'i. 

:Los cóefic i entes A y B pueder:1 calcular$e faci!lmen·te .a 

·partir de las consta~ te~ ( f E del mate~i al en cuesti6n 'Y ~para ..:c,u"~;! 
.quier distancia R.. \ 

• 1 

-2·5-



. 
También se pueden determinar experimentalmente los coe 

ficientes A y B haciendo ensayos sin tensi~nes residuales sino cor1 

reales<ft¡o-2 conocidos, por·ejemplo a¡..::d¡ f Cil't:O 

' . 

Caso ~e la roseta (fig. 3.~) 

Con t~es bandas peg~ 

das a una distancia R y en las di­

recciones ~ ~ y ~ a 45º pueden me~ 

dirse tres deformaciones €<,€¡,} Ec 
que llevadas a la ecuación anterior 

e 

f~ 

(2) nos permi~en. despejar a;;OZ ¡12-J ~~l '' -o. 

{t- (~-.B~2P)eQ--(A·~~2p) éc ' .. 
. hA! ~2.f3 

OY. : / 
'>o l, 

(f'~: (A+~~ 22) ~4: - (A- 8 U"J 2f3) fe.._ 

. \ J, 4 S .(A') ~p . : _ _ 
t:¡ ~ p ~ ; ... - 2. E¡, + t"c 

· t-.. - Ec: ~·'1·30 
Estas expresiones son buenas si las direcciones a.¡c 

corresponden aproximadamente con las principales. E~ casp de que no 

sea as! y las ~ y ~ dén las deformaciones más distintas son más sa-. 

tisfactorias las ecuaciones siguientes·: 

(f,; 
(A +8 '5e~c 2fl) El(.- (A- a~ :Z/3) t'b 

2 A B l SeJe, ijS .¡. CtJS 2ji) 

~: (4 o~-8 ttn J(J) r~ .. (A.-B ~J(J) ~~ 

. :Z A /J (S en. -o/3 .,.. ~ -2 13) 
Técnicas experimentales · / 

1 

Como en todo lo experimental, las herramientas apropia .. -
das, la inst rume ntac ión y. 1 ~ cuidadosa ap~ ic oc ión de los procedi.mi e!!. 

tos son esenciales para obt~ner ~esultados ciertos. 

Taladrado 

• 

e 

Cpn .brocas· cLl:!ndricas, no cónicas. La parte cortante e~ 
' 

sólo en el frente. El diámetro del cilindro se reduce a una distan-

cia.de 0,16 ·~a' un diámetro menor en un 12% del de la punta para de­

jar sitio entré la broca y e:l agujero para la salida de virutas. 

·-26-
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Bondos_!spe~i9~ 

Rosetas de bandas especialmente bi'n espaciados en el 

• círculo y con el centro de este bi4n defi~ido. (~~.3\) 

-

-

Puente de medida 

Puente portable de bater!as con potenci6metros de equi 

librado. 

Centrado del taladro 

Soporte centrador de un microscopio sustituible por una 

taladradora. ( ~'l ~2) 

e 
b 

·Q, 

fig&i 

rl fl, ¡.,,.,,:) L'r r·,·Wl!r 
'4-J (Jr i 1 1 

~rca ~Cnllet 
' 

Posftlonl"'~ 
CCJup 11 ng 

~J"'' Settlng · 

t1g3! 
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TEMA IV 

4. l. .!_ns}:_r:-umentos para m!3di das_ es t 6t i e as.-

Aceptando como universal el circuito de puente de 

Wheatstone en medidas extensom6tricas, dos son los procedimientos que 

se pueden emplear para medir el desequilib~io que en una diagonal se 

produce cuando las bandas se deforman. 

El "M6todo de oposici6n" introduce en la diagonal del -

puente {fig. 1) una tensi6n opuesta a la de desequilibrio, siendo el 

instrumento G el que controla la posici6n de ·equilibrio. Si el p~ten­

E4 n ' 
~ ·'> -E2. 

IJ•'> pS 
~ 
-~ 

1 
,!181 

ci6metro P está graduado en 

la escala deseada (microde-

formaciones) e incluso va -

dotado de un indicador numé 

rico y dispositivos de pree­

qu i 1 ibrado, ·podremos hacer 

las lecturas directas. Se -

comprende que para no intr~ 

ducir error las tensionés -

~y E2 de~en estar estabilizadas· en alto grado o bi6n que sus variacio 

nes sean totalmente prepare ionales, pero según el esquema de ·la fig. 1, 

eso es muy dificil de conseguir~ de ahí, que se utilice la disposici6n 
1 

indicada en la fig. 2 en las que la .soluci6n si bi6n es satisfactoria 

en un aspecto, crea proble~as e~ otros, en efecto, si alimentamos los 

puentes en corriente continua, y. dada su polaridad, los instrumentos 
1 ' 

nos indicarán las deformaciones producidas por esfuerzos de tracci6n 

o compresi6n según las desviaci~nes de la aguja sea en uno u otro sen 
• 11 -

tid~ re~pectivamente, pero al se~ excitados en corriente alterna es ne 
' 1 ' '' -

casorio introducir un circuito llamado detector de fase ~ue discrimine 

cuando los deformaciones son de ~racci6n o de compresi6n en efecto: 

(fig. 3) 

--- --"r·· -4/ . ¡L . .-, 

~i<t· 2 ' -? 

~ 



si el puente est6 en equilibrio: 

v8 - VA m v 5 .., O • 
si hay tracción en una rama: 

v8 - vA = v5 (Tracci6n) 

si hay compresión en una rama 

v8 ~ vA = v~ ( cqmpresi6n) 

t- {is3 / 
... 

..:·1 \,'" '.}' -
B A 8 

0 e, 

~~ -----,¡1 

~ . ~ 
'C..J f 

T n .. '\CCI..Ó 1"\ " VA 
.. 

·-1 . v-'' 
LB 

. ~~. 
-----'1- ~d-5 

r---~-- ! l1 J-. 
-)_A Com~f"e!:.l-Óf'l.. 

Por otra parte, p~r~~onseguir la oposición entre las -·­

tensiones E1 y ~2 es necesario que est'n ~efasadas 1802 y para lograL 

lo hay que introducir ajustes capacitivosr lo cual representa otro i~ 

conveniente; por tal motivo la casa Vis~ay-Micromesures, en su puente. 

P-350, emplea como portadora una onda cuadrada, en vez de senoidal, y 

la oposición de fase se consigue de forma autom6tica sin necesidad. de 

ajustes capacitivos, ventaja· que le. C1:>nf ie r,e una gran aceptación por 

extensomet ristás -experimentados. 

l 
En el "M'todo de cero" ~fig. 4) el equilibrio del puente 

~------------------j----~------------~ 

p1.. 

lig 4 . 

-

. se consigue introduciendo resistencias¡ en lc1s ramas del puente hasta 

conseguir el equilibrio inicial¡ los p1:>tenciómetros P 1 y P2 se despla-

zan conjuntamente en sent:j.do inverso. h}asta c.nular tensión. de desequil,! -

brio entre A y B. graduando adecuadame~te los mandos de P¡ y P2 podre-
. . \ ' 

mos hacer lecturas directas. El mando\~e P1 y P2 puede ~acerse a tra-

v's de un servomecan!smo y constituir Q~Í una unidad de lectura a~tom6 
tico. / \ 



-
Otro procedimiento, que actualmente está siendo cada vez 

mas empleado, consiste en leer directamente 16 seAal de salida del -

puente por medio de un voltímetro digital de precisi6n y exactitud ele 

vado. ~ste procedimiento exige a s~ vez que la fuente de excitaci6n -

sea muy estable (fig. 5) 

-i+-~.-: ~V 

ir) 5 

4.1.1~ Cajas de conmutaci6n manual 

Normalmente, las medidas extensométricas, habrá que efe~ 

tuarlas en varios puntos, si estos son muy numerosos (se estima que s~ 

periores a 25) una unidad automática será conveniente, pero para una 

cantidad inferior se utilizan unidades de conmutaci6n manual con resul­

tados prácticos satisfactorios; ya que el mayor tiempo de lectura que 

será necesario emplear justifica su uso por razones meramente econ6mi-

·~ cas, pues lógicamente los equipos manuales son de bajo precio. 

-

El problema que se plantea es conmutar diversos circui­

tos de medida a un solo instrumento de lectura de lo que se deduce que 

el conmutador será de una calidad que garantice un mínimo de error en 

la medida (Ver 3.1.1.). Por otra parte la unidad de conmutación deb*' 

ofrecer la posibilidad de un equilibrado previo de los circuitos de ,,, 

dida, para que cuando ensayemos bajo carga la pieza en estudio, les 

lecturas puedan ser directas. 

En la fig. 6 se indica la disposición adoptada por Visháy­

Micromesures en su unidad S-81 en la que se consigue una adaptació~ -

completa de los circuitos de 1/1; 1/2 ó 1/4 de puente, asociada al ins 

trumento P-350 o cualquier otro similar. 

El potenciómetro P de equilibradop será de precisión y 

de 10 vueltas para conseguir una buena resoluc~ón, si a su vez va pro­

visto de un mando con contador numérico de vueltas (Duodial) podremos .. 
reestablecer las condiciones pre~ias del equilibrado, a6n cu~ndo se -· 

hubiese utilizado en otros circuitos.distintos la unidad de conmutación 

en el :curso de experiencias diversas. 
3 
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4.1.2. Instrumentos de calibración 

1 .... ...... ,_ 

............. ~- ..... 

Los instrumentos de lectura son contrastados por el fa­

bricante en sus factorias, pero el uso y la degeneración·de sus campo• 

nentes c~n el ti~mpo, hace necesario una contrastación perjódica de los 

mismos, para ello pueden seguirse varios procedimientos uno de los cua 

les se e~plicó en el apartado 3.2. y consistía en colocar registencios 

en ~arale.lo en una rama del puente, que produjesen un desequilibrio -

equivalente al que experimentase ei ~ismo circuito sometido a solicita 

cienes concretas. Este método si bién es recomendado para calibrar los 

circuitos de medida no es idóneo para contrastar el instrumento de lec­

tura, yo que nunca sabremos si al colocar la resistencia en paralelo -

observamos alguna anomalía, si el error es del circuito o del instru­

mento, por tal motivo se recomiendan dos procedimientos: lº Simulador 

de deformaciones y 2Q Patrón primario de deformaciones. 

Simulador de de-fqrmaciones. Consiste en uno caja de de­

codos de alta precisión y ~stabilidad que comprenda 5 décadas que pu~ 

den obtener valores en prso•s de 0,01; O, 1; 1; 10 y .100 ohm. con preci­

sión totai de± b,02% sobre cualquier lectura. Su estabilidad es supe­

rior a± 50 ppm.por aAo. A estas características responde la unidad 

_., 

·-

tt· 

-



e 

e 

e 

VE-40 de Vishay-Ellis~ 

Poro calibrar ,un instrumento de lectura en extensometr!6, 

suponf remos que e 1 simulador de de fo rmoc iones cori_st i tuye lo banda pro­

piamente dicho y para ello ajustaremos un valor igual al de extens!me­

tro p.e. 120. Efectuaremos posteriormente su conexión al instrumento en 

montaje de 1/4 de puente en lo configuración de 3 hilos (fig, 7). 

Recordando que: 

AR= K.,R. 

tenemos que paro 

t . 1 _ ~ 1. 2 o. e e~ ~'l E= 1500/ub AR= 0,36 ohm 

E-:: 2000¡uÓ ~R= 0',48 " 

E :.2500 /u Ó b.R=0,60 " 
{icl 

-r> 

Si K=2 .y R= ~20 ohm. 

Por ~anto ·si el instrumento de lectura est6 bien tarado, 

leemos los valores indicados de microdeformaciQnes, si en el simulador 

vamos paulatinamente fijando los valores de 120,36; 120,48 ohm .etc. T_! 

~r pr~sente que as! simulamos tracciones, si disminuimos el valor 120 

ohm, en lo misma proporción leeríamos-compresiones. 

Patrón de deformaciones 

{Jna viga de sección rectangular·. b;, c. toma formo de arco 

de anillo circular, al ser sometida a flexión pura. El valor absoluto 

de lo defor·ma-ci6n longitudinal que sufren sus caras horizontales es 

f::: GPa... 
.( .. C 2 E 

p 
a. 

L 

.,.., ,. 

5 

La flecha del orco de circunferencia así producido es 
. Pa..b'.l. . 

· . f: _g_ 7_,.c 3 E . · 
Lo relación entr~ flecho y deformoci6n es . 

E _ 4 e f 
- :(;:2 

.lo que nos dice que podemos conocer lo de-f.ormaci6n e.n fun 

·' 

t 
__ i __ ' 

11 

1 t 

p 
a.. 

~ .......... 
..... 

rr$ a 

ci 6n de lo flecho y de .c-ons 

b tantes geométricas, indepe!!. u dientement·e .de los car,gas y 

el del módulo de elasticidad 

. del mate·r.i.dl. 



El Patr6n de Defonnaciones permite fijar la flecha 
' 

con lo que se puede calcular la deformaci6n E correspondiente. Si -

adem6s se mide la deformaci6n E. por medio de extens6me tro s 6hmicos ,· 

se pued~ calcular un coeficiente de correcci6n para este mátodo 'o ... -

comprobar sistemas extensomátricos. 

4. 2. Sistemas autom6t i cos de ad_q_ui~.i~_i§!!. d~ ___ qa_to.~..!.. 

Estos sistemas son necesarios cuando por el número de -

punto~ de registro, el tiempo requerido para un barrido manual fuese 

tal que las condiciones del ensayo variasen dent:o de ál, y por cons! 

guiente no fuesen datos adquiridos en ~gualdad condiciones los de una 

misma lectura; o bián cuando la magnitud y frecuencia de medidas múl­

tiples haga tedioso y propens~ a errores de anotaci6n las lecturas ma­

nuales. 

El avance tecnológico de la electrónica ha facilitado 

el diseño de equipos muy sofisticados, y a veces, no justifican las -

pequeña~ ventajas que introducen el elevado precio que adquieren. Por 

tal motivo juzgamos oportuno describir el conjunto para aue el usuario 

futuro, tenga elementos de juicio para configurar el Sistema id6neo a 

sus necesidades, pero no entraremos en la descripción de circuitos, 

que se escapan del alcance de es~e artículo. 

4.2.1. ~i~grama bloque 

Ci~Ywito Aet.elleilj/1, Un&" ffl•tl da r--- Am¡JiJ¿·~ de __.. _. 

~orrldo el oro ~ 

mcdg'flo 

,. 4 

~~t:ilb· - CohtFol df!l 
• • 

6tt:J~rri o' o ~ CIOI'Il 
.. 

R.g,dlt~ y 
1118uo/l~t:k:liA 
~61Ffa~ • ·¡e¡-
~cq . ~la. ~,.~- .. 
~ -·~- A 
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Circuito de medida, 

Será cualquier circuito extensométrico, ya descrito, 

bién en el aspecto de bandas extensométricas, o bién bajo el concepto 

de captador, Generalmente podró ser cualquier elemento transductor de 

energía mecánica en electrice, 

Excitación,-

Por ser circuitos pasivos, tendremos que apo~ar ener­

gía, generalmente para excitar un circuito de puente de Wneatstone. 

Acondicionador.-

Debe permitir equilibrar el circuito de medida e intro­

ducir señales de calibración. 

Unidad de bqrrido.-

Esta unidad está destinada a conectar cada uno de los 

circuitos de medida a la unidad ~entral de lectura, ~on una sec0encia 

predeterminada, Sus características principales son: velocidad de con­

mutación; fiabilidad de los contactos, n~mero de polos conmutados,etc, 

Amplificacdor.-

AumentQ el nivel de tensión de las señales débiles que 

se crean en los circuitos de medida.· 

Control de barrido y registro.-

Lo forman circuitos el,ctrónicos, más o menos complejos. 

que permiten programar las secuen e ias de las lecturas y de la impre­

sión. 



4. 3. _?_i_s_t~~a.s. a_n_a_l6gicos ~e reg_i~:t rs>_Cs>!':t}nu_9 

Podríamos definir un sistema como el conjunto de instru­

mentos, debidamente acoplados, para la adquisición de datos en forma 

_predeterminada, de las magnitudes físicas a medir. 

4.3.1. Diagrama bloque 

E~ ~laci¿íl 

Unldo.d de 
a.d.o..r-to.ció 11-

,----·' 
~

iPed.de 
Ampl . ~ ... ,nortisua 

· l"1Lenb 
1 

Diagrama bloque de un sistema elemental 

. l 
Reca(!;t i rui)~ 

1 

'-----~ 

El esquema de la figura responde a los elementos funcio­

nales del sistema, que son: 

a) Cnptador: Es un elemento c·ap6z de convertir una magnitud física en 

el~ctrica. Se basa en fenómenos resistivos, capacitivos, inductivos, 

piezoel~ctricos, termoel~ctricos, semi~conductores, etc, etc, 

b) Unidad de excitaci6n: Si el captador no autogenera su propia señal 

(p.e.: termopares) es necesario alimentarlo con una fuente de ener­

gía adicional. 

e) Unidad de adaptación y ~alibración: Permite corregir y compensar 

los. desequilibrios en los circuitos e introducirles una señal que 

permita la calibraci6n de los mismos. 

d) Amplificador: Las señales emitidas por los captadores pueden ser 

tan d~biles que no sean capaces de excitar los instrumentos .de lec. 

tura 6 registro. Es necesario entonces el empleo de unidades inter 

medias _que aumenten el nivel de la señal de salida. 

e) Registrador 6 unidades de lectura: Pueden ser cualquiera de los ins 

trumentos cl6sicos destinados a registros anal6gicos 6 digitales 6 

bi~n osciloscopios, molivoltímetros, etc,· 

-

-~ 

e 
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f) Red de amortiguamiento: Sirve para adaptar los impedan~ ias de en-. . 

trada y salida de los diferentes amplificadores e inst'umentos de 

lec::tura 6 registro. En el caso de galvan6metros, tie n1e una influen . -
c::~a decisiva referente a la pespuesta en presencia de los mismos. 

~~-~-p~sc ripci6n 

A Captadores 

Un captador 6 transductor es aquel elemento que, bajo estímulos físi­

cos, da origen a seRales el6ctricas. La may(.ría de los captadores pr2 

porcionan salidas ana_l6gicas en forma de d.d.p. eléctrico. Muy ideali 

zado, podemos suponer lo tal y como se mues i" r ;· ,. ~;uemát icamente:, 

.Si una viga elástica-y empot1 ~da recibe en su extremo 

libre un golpe, se producirá un movimiento oscilatorio 6mortiguado, 

puas bién, ~1 transductor nos dará ur1~ d.d.p. anal6gica del estímulo 

recibido. 

Los captadores los c~asificaremos bajo diversos aspectos: 

a) Estímulo físico, al que son sensibles: captadores de aceleraciones, 

vibraciones, presiones, fuerzas, desplazamientos, torsi6n, calor,etc 

e . b) Principio de la transducci6n: Resistivos (P. de Wheatstone y po·te!:!_ 

e 

e iómét_r icos) inductivos, piezoeléctricos, fotoeléctricos, capac i­

tivos, semiconductores, etc. 

e) Alimentaci6n de su circuito interno: Autoexcitados~ excitqdos, an 

c.c. y excitad~s en c.a (portadora). 

Captadores más usuales son: 

·12 Acel er6me t ros ..... Supongamos una masa sísmica M montada en I:Jna c.aja 
con un muelle y si_stema amort.i.gi:J!! 

l X 

vy 

dor como 191 repre·.:;P.ntodo esquemát f­

eamente, Si la caia e~ s~1id~ri~ con 

un e le mento sometido a· v ibrad:one·s ,. 

se creará un movimie.nto re:lat.i.vo. 

entre masa M y caja. y ent:re: caj_a. y 

un punto fijo del espac:io:. s·i. liam_2. 

mos "X" e "Y" a lo.s. desplaz-amien·tos 

de . M respecto a. caja y. de:::caj:a. re's­

pecto al punto fijo., respectfv.amen·-· 

te, tendremos que ante .. cual.quie:r- e~: 

citaci6n apar'ecerá dentro· de. la c.a:j·a 

una energía de valor: d.E:{x'''+~"}cl.~ .. 



E.:JYM(){''+ó'')J.,'t: r' M(JC.''+-4")l!~t (i). 
~nerg!a que se 0manifie~ta en tres formas: cinltica, de-

formadora del muelle y disipada en forma de calor por el sistema amor . 
tig~ador, Por ~ante: 

e~! MtJC'+'/')1+-l tt')C1 ~ ft C ?t'1 J.t {t) '1. . ,. 4 

siendo K= característica del muelle 

C= constante de amortiguamiento 

Si el muelle es totalmente elástico se cumple que~= 4 n 2 fn 2,y 

si el amortiguamiento es el ideol S = 4 Tt f 
- n 

de Mdonde i~ualando (1) 

y (2), simplificando y sustituyendo~ obt&nemos que: 

X" .f. 4ytfn X' .f. 4 t\ 2 fn 2 
X= -y" l~) 

El desplazamiento "Y" varía con el tiempo y no tiene 

por qué ser peri6dico. Su arménico principal sería.de la forma y" = 
Aejwt siendo A la amplitud y w= 2 ~f; de esta forma la soluci6n de X 

sería: X = Bejwt en dondd B es funci6n compleja de w; sustituyendo 

en (3) queda si~plificado que: 

4 2 2 . 2 
B n f .f. J B ( 2\'1 f) .f. B ( 2 n fn) · = - A -

donde los dos primeros tlrminos pueden despreciarse si fn) f 

frecuen es decir, si la frecuencia natural del resorte es mayor que la 

c.ia-del-mov-i-mie-11-to-c;:le-1-a-e-a:j-a-, -en-t-onces-:-B-(-2-ryfn-): =-- A ~ x 

x (2"fn) = - y"j 
=·---:--"i~ 

STRAIN CAG( WINOINCS 

MOUNTING RING 

SPRING EU.MfNT 

---+--1---+-,f+- S(IS~IC MA.SS 

~ J---5f"RINGELEMENT 

Vemos, por tanto; que el desplazamie~ 

to de la masa es proporcuonal a r~ -
aceleraci6n a que se somete la caja, 

s i e mp re que f ) f ( ~ f es e 1 60"/o de f ) n n 

Si unimos la masa sísmica adecuadamen -· 
te a un circuito de bandas extensomé­

tricas, tal como el mostrado en la fl. 

gura, los movimientos de la masa se 

convertirán en deformaciones de las 

bandas y si éstas forman los cuatro 

brazos activos de un puente de Wheat~ 

tone, el desequilibrio que producen 

origina una d.d.p. proporcional a la 

ACClLEROMlT(R 

-- STRAIN GACf WINOINGS 1 • 6 . t 1 • ace erac1 n a que se sorne e a COJO. 

-

e 

-~ 



Los aceler6metros .se construyen de forma que sean sensibles en una 59_ 

la direcci6n y con la propiedad que giros de + 902 respecto a su posi - -
ci6n de equilibrio equivalen a producir los mismos efectos que si se 

(~ . -2 
,., someten a una aceleraci6n de+ 1 g, repect!vamente (g= 9,8 m/seg ), 

:e 

e, 

El tipo descrito corresponde a un aceler6metro resisti­

vo, que son más utilizados, ya que con un margen de frecuencia, relati 

vamente amplio, permiten medir desde f = O Hz. Son, además, de muy f2 

cil acoplo en el sistema por su baja impedancia de salida X proporcio­

nan señales altas, no existiendo problemas de ruido 6 descompensaci6n 

especiales cuando haya que utilizarlos a d~stancias relativamente gra~ 

des, 
i 

¡Fuerza 

sd.Jt;, 
a. C.~ r'C.U~. 

l-o a b; t-ri-o 

Aceler6metro piezoeléctrico. 

Si a un cristal piezoeléctrico le 

aplicamos entre sus ca~as una fuer 

za F, se genera en las mismas una 

carga q, Incorpo~ándole !ntimbmen 

te una ·masa al cristal, tenemos un 

acele r6me tro, en efecto: q dF. = 

dMa. 

donde la d.d.p. V originada entre caras del cristal vale: 
S 

es decir, 

V A .JL 1\ _2f__. A dMa = Ka 
sv e v e v e 

la d.d.p. V es proporcional a las aceleraciones que es so 
S 

metida la masa M. 

Los aceler6metros piezoeléctricos no necesitan aliment~ 

ci6n, ya que son autoexcitados. Tienen una res.puesta en fre.cuencia al, 

ta, aunque no responden bién a frecuencias pr6ximas a O Hz. Necesitan 

Un odoptodor de impedancias par~ SU ~-~;'~ "~ ~1 ei~tPm~ ~ebido a S~ 

muy alta impedancia de salida y pueden dar problemas cuando haya que 

emplear cableado a distan e ia. 
! 
1 

22) cdptadores de vibraciones,- Para 

1Js ac~ler&metros resistivos de­
l 

c~amos que la frecuencia del movi 
r 

miento debía ser menor que la fre 
1 -

cuenc ia natu rol del resorte, pues 
. 1 . 
bién, si hacemos ahora que f fn, 

te~dremos un captador da vib~aci&n. 
1 . 
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_En efecto, si lo cojo se mueve por 

encimo de-lo frecuencia de resonan­

cia del muelle, lo meso sísmico per 

monece "quieto" en el espacio y lo 

corriente que se origino en los b2 

binas es proporcional o la veloci­

dad d~ los desplazamientos de lo 

cojo, 

Estos captadores tienen lo ventaja 

de que son outoexcitodos, 

MOIION TO BE 
INDICATED OR 
CONTROL LEO 

l
. r·COIL2,SECONDARV 

~
- ~~SRU~ATING 

32) Captadores de presi6n.- El funde­

mento es el mismo que en los ccel~ 

~ómetros resistivos, salvo que la 

masa sísmica es sustituida por un 

diafragmo, que es el elemento sen 

sible a las presiones. 

Pueaen hacerse medidas absolutas 

y diferenciales. 

l~ Ir 
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res lineales.- Ha sido muy ~esarr~ 

llada la tácnicci del transformador 

diferencial llnecl para su uso en 

transductores. B6siccmente, est6 

constituido por devanado primario 

y dos devanados secundarios idénti 

cos y ~entados en oposici6n; los 

tres devanados constituyen la part t 

estática del captador y un núcleo 

magnético forma la parte din6mica. 

Al excitar el ~rimcrio con uno ~­

corriente alterna constante, si el 

núcleo se encuentre en su posici6~ 

media, no habrá d.d.p. en los ter­

minales del secundario, pero paro 

cualquier desplazamiento del núcle 

aparecerá una d.d.p. entre termine . -
les del secundario próporcioncl al 

e· 

-
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desplazamiento. 

Vemos que un transductor bósdao en 

el anterior principio, ~uede ton~e~ 

tir cualquier magnitud mec6nita (de~ 

plazamiento, presión, fuerza, vibr~ 

~ión, etc) en magnitud el~ctrica, 

Las ventajas de estos transductores 

son: 

Salida exactamente proporcional al 

desplazamiento del núcleo. 

Alta sensibilidad y nivéi éi~Vódó a 

lo salida. 

Característica linédl de ld reipues~ 

ta en toda su escala¡ 

Variación de la d .d.p, de salida desde cero, "·sin necesidad ·de· é'quíiib·rar 
/ . 

el circuito. 

Estabilidad del cero. 

Permiten la suma ó producto de varios despld~amfen~o~ ~ 

mont6ndolos en serie ó tandem, respectívcmente, 

Por el contrario, presentan el inconveniente· de qt.:J'e· ne'c!. 

siton demodul~r ·Y filtrar lo salido y de que su excito~ió~ n& ~Uedé -

ser en corriente continuo. 

Paro pol ior el anterior in con ve nie nt e, 1 o' fir·ma· SC.hae'\.ri't-z, 

ha desarrollado un modelo que puede ser. excitado en c. c.; su- é·sq·uerñd -

es el indicado y todo lo electr6nico lo constituy~ un dircuif& in~é~~~ 

do de estado sólido,· de dimensiones reducid:fsimos, incluido dentró dé'l 

propio captador •. El resul todo es froncarre nte fovo roble. 

+ ·~ 
.•.••.. !~IOIIÓC 
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Servoacelerómetros 

Constituyen un avance enorme ~n la ~ 
medida de aceleraciones por las 

_1__ 
elevadas prestaciones que ofrecen. 

Su pr~ncipio est6 basado.en la res 

tauroci6n del equilibrLo ue una ma 

so sismico pendular cuando 6ste es 

desplazado de su posici6n de repo-

so por una fuerzo aceleradora. En 

efecto, de la ecuaci6n Mr= {Momen-

to de tensi6n)=·I (Momento de iner 

cio) (aceleraci6n) deducimos que uno aceleraci6n angular aplicado -· 

al aceler6metro y actuando sobre una masa equilibrada montada en un -

eje giratorio, origina un par de tensi6n sobre dicho eje; de la misma 

forma, si la masa no est6 equilibrada (pendular) y es sometida a ~na 

oceleraci6~ lineal producir6 en el eje de rotaci6n un momento d& ten­

si6n. 

El fen6meno de ia transducci6n aceleraci6n-sefial,·se-
-·----·----- ---· 

consigue disponiendo de un sensor de posici6n, capaz de detectar los 

movimientos de la masa sismica pendular el cual da una sefial el6ctri­

ca a dichos movimientos y que es amplificado hasta conseguir el nivel 

adecuado para alimentar la bobina montada dentro de un campo magn6ti­

co que originor6 el par antagonist6 al de torsi6n que cre6 lo fuer~a 

aceleradora. El circuito es cerr~do, de ahi que la se~al se obtiene -

como caida de tensi6n en R
1

• 

La se~al de estos aceler6metros es de ± 5 VDC y en la 

mayoría de aplicaciones no necesitor6n posterior amplificaci6n para -

su registro. Son alimentados normalmente a ~ 15 VDC. 

8 M6dulos de excitaci6n 

M6dulo de excitaci6n es un elemento cap6z de suministrar 

la energía adecuada al captador para obtener se~ales el6ctricas propo~ 

/4 

e 

e· 



cionales o los estímulos físicos o los que se someto. Podremos utili­

zar, desde una simple pila seca, hasta una sofisticcdo fuente de ali­

mentación, siendo 1~ calidad del captador y las características del -

(I"J sistema quienes impondrán el tipo adecuado de módulo. 

-

. e 

Nos referiremos siempre a módulos de e.>Ccitación 'en e .c. 

ya que la utilización de excitación en c .. a. (portador·:) cado vez está 

más en desuso y, cuando se utiliza, son los propios orr.plificado:r.es los 

que· llevan incorporados un oscilador que proporciona la ~xcit~ción con 

d.d.p. de 0-10 V en. frecuencias de 2 a 8KHz, normalmente. 

Un buén módulo de excitación debe suministr.ar un1o :d .• d ,p 

constante; se comprende ésto, ya que cualquier variación en la <d .• d .. p .. 

de lo excitación .introducirá errores en lo señal de soil..ido 'de1 ·C'apito­

dor, que es proporcional a la excitación y o la variación ·del e:s·timulo 

f!sic.o. 

En general, la elección de un módulo de (excit.acio,n ;s.e 

·hará considerando dos aspectos: 

12) Características del captador.- Impondrán el valor de la d.~.~., in 

tensidod de corriente y potencia; deberán considerarse los 'Casos 

e.n que sean vor ios los captado res alimentados e.n parale.l0 'PO<r .un 

solo módulo. 

22) Especificaciones propias del módulo de excitación.- Se.r.On .!.ndice 

de la calidad del mismo. Deben considerarse como .impor·tantes,: 

Pos ibi 1 idad de ajuste sobre tensiones ( cor:toc i rcu i.tos, e lec-t.r-omqgn~ 
; 

tica, térmica, electrónica, etc). \ 

Limitador electrónico de la corrie~te de salido~ 
Reversibilidad de la polaridad. 

Rizo residual de la tensi6n de saiida. 

Aislamiento de bornes de salida a masa ó tierra. 

Corrientes de fugas. 

Rechazo de interferencias. \ 

Voltímetro incorporado de control. 
1 

Derivo de la salida respecto a tjlempo y temperratu<ra .• . t 
Márgenes de la temperatura de utilización. 

\ 

Posibilidad de alimentación por d.a. ó por bater'Ías. 
} . 

Incorporación de acu~uladores au~orrecarga~les. 

Conectores, cojo de montaje, pero,\etc,etc. 
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C, !:!__r'!_i_~~ de _a_d_a_p_~_C?_C iÓ_IJ 

Una unidad de adaptación incorpora en el sistema los ele 

mantos necesarios para equilibrar el circuito de medida, es decir, para{~ 

que una.carga nula en el captador d' como seRal de salida cero, campen 

sondo las asimetrías propias del captador, ó producidas por cables, ~ 

conexionado, etc. Si los captado res son resistivos, la e Ofl·l · ·r 1 'j oc ión -

sereS solo con potenciómetros, siendo necesario un ajuste '"'"''¡..¡acitivo en 
l. • ' 

el caso. de e optado res inductivos ó cuando se emplee el sistema de ex c.!, 

tación por "onda pórtadora". Opcionalmente, pueden incluir un sistema 

de calibración y elementos pasivos (resistencias) .para completar circui 
- . . -

tos de medida de captadores, generalmente cuando se utilizan puentes de 

Wneatstone, 

Normalmente, las especificaciones de una unidad de adap~ 

.tación son referidas a circuitos con 350 ohmios y excitados. con 10 V, 

pero no hay ~azón para ampliar estas especificaciones a otros valores, 

por ejemplo, si una unidad de adaptación permite compensar desequili­

brios de + 4 mV en un circuito de 350 óhMios con 10 V de excitación, .­

Utilizando un circuito de 1.000 ohmios y la misma excitación, la caber 

tura de ajuste ser!a: 

- -------- -------~------ ------------
-

-~---~----------- ---·--- ---- ---~- _ __, ___ _ 

1.000 X (! 4) = ~ 11,4 mV. 
350 

El poder de resolución debe ser del orden de 5 microvol­

tios para una buena unidad. 

Es frecuente util~zcr una resistencia fija de precisión 
1 

para calibrar un circuito, conm~t6ndola en paralelo con una rama del 
1 

puente de Wheatstone. La señal :'así obten ida es equivalente a la que -

produciría el ~aptador sometido a cierto estímulo físico. La carta -

que acompaña a los captadores indica el valor de la resistencia, que 

producir6 una señal equivalente o la. del captador con el B~fo de su -

carga nominal. Con el fín de evi~ar la utilización de numerosas resi! 
1 

tencias de calibración, se montan¡unas bornes exteriores que permiten 

conectar una caja de décadas y, do esta firma, seleccionar el valor 

adecuado para cada captador ó cirJuito de medida. 

En medidas de Extensometría se presenta, con frecuencia, 

la necesidad de utilizar 1,2 ó 4 brazos activos de un circuito de -

puente Wheatstone. Para estos casja.s ó similares, las unid~des de adap­

tación s ue1 en 11 evar in e o rpo radas; 1 as resistencias que completan ___1o_s_ 
1 • 

e 
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brazos pasivos del circuito, fricilitando el m6ntaje con una economía 
notable al disminuir el número de extend!metros por circuito de medida, 

Se tendr6 muy en consider~ción que no exista un punto 

común (masa), pues provocaría un cortocircuito en una rama del puente. 

D Amplificadores 

El amplificador es una unidad intermedia entre el circui 

to de medida y el registrador y su utilización será justificada por -

dos razones: una cuando la señal de 1 captador sea insuficiente poro -

excitar los instrumentos de lectura ó registro y otra en el caso de -

fenómenos cuya presencia sea superior a los 350 Hz, ya que los galva­

n0me tras capaces de dar respuestas a es tos f recu e nc ias son de boj a sen 

sibilidad. 

La tecnología electrónica de un amplificador para siste 

mas de medida ha evolucionado grandemente en los Últimos años y del -

primitivo tipo de onda portadora (carrier),. se ha pasado a las actua­

les de tipo diferencial, con circuitos transistorizados sencillos, e~ 

tanda desarrollándose actualmente técnicas m6s avanzadas con empleo -

de circuitos integrados y del amplificador operacional. 

Describir circuitos ~lectrónicos de. un amplificador no es 

objeto d& este art~iulo, pues no olvidemos que, desde el punto de vis­

ta de instrumentación, su uso, y no su constitución, es necesario co­

nocer. S! es preciso., sincembargo, interpretar correctamente las espe­

cificaciones que de ellos se dan, para poder elegir y utilizar siempre 

el modelo m6s idóneo para ·un determinado sistema. 

E spe ci f ic·ac iones de un amplificador. 

Configuración (Configuration) .- Indica generalmente la· disposición de 

la entrada y sal ida, diciéndose que es verdaderamente "di 

ferencial" cuando est6n totalmente aisladas: y "s.in.gle en. 

ded" cuando hay una entrada y salida com6n. La salida de 

un amplificador puede tener un punto a tierra 6 estar to 

totalmente aislada. En este caso Se dice que tiene asali­

das f latan tes". 

------------



Ganancia en tensi6n {Voltage Gain).- Normalmente ser6 por pasos fijos 

{10, 20, 50, 100, 200, 500, etc) y ajuste fino entre pasos. 

Es importante el grado de exactitud entre pasos. 

Respuesta en frecuencia (Frequency Response).- Nos indicar6 el% de v2 

riaci6n de la ganancia en un determinado ancho de banda. 

\ 

Tiempo de ,recuperaci6n contra sobrecargas (Overload Recovery Time).-

Si a un·amplificador lo sometemos a una sobrecarga de 10 

veces el valor final de escala, nos indicar6 el tiempo q~e 

transcurre desde que cesa la sobrecarga hasta que se alean 

za el 9~~ del valor total de escala. 

Linearidad (Linearity).- Idealmente, un amplificador. deber6 da~ sali­

das totalmente proporcionales a las señal es de entrada. El 

err-or. de proporcionalidad expresado en % del valor m6ximo 

de la señal de salida lo da esta especificaci6n. 

' 

Derivas {Drifts).-Se entiende por derivas las variaciones de la señal 

de salida con señal de entrado nula y pu~de referirse al 

tiempo y/6 temperatura. Las variaciones de la salida por 

este motivo deben mantenerse en el entorno dado en esta ~ 
- ---- ---. ~-----~---------- ----

especificaci6n. 

Ruido (Noise).- El ruido inherente a circuitos electr6nicos (agitaci6n 

t'rmica) limita el poder de resoluci6n,· que no podr6 ser 

mayor que la especificaci6n dada para ruido. 

Modo com~n de rechazo (Common Moda Refection).- Es Índice del poder de 

rechazar señales indeseadas. Se expresa, en dB, como la re 

laci6n entre el voltaje en modo común (CMV) y la señal que 

dicho CMV originaría en la entrada. 

CMR {dB) = 20 log _. CMV 
IS 

Sensibilidad (Sensitivity).- Relaciona los ~iveles de la señal de en­

trada y los m6ximos de la señal de salida. 

a . .... 

e 

M6xima impedancia del circuito de medida (M6ximum Source Impedance).- e 
Es el límite superior del valor de la impedancia del circui 

to de medida. 

Impedancia de entrada (Input Impedance).- Es la medida o la entrada del 

amplificador. 
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Impedancia de solido (Output lmpedance).- Es lo medida a la salida del 

amplificador. 

Capacidad (Copability),- M6ximos valores en tensi6n y corriente capa­

ces de obtenerse o lo solida, 

Ajuste Zero Offset.- Indico la capacidad del amplificador de obtener 
' una solido nulo con los entradas conectadas o un circui 

to de impedancia cero. 

Mínimo impedancia de cargo (Minimum Load Impedance) .- M!nima cargo que 

debe conectarse o lo solido del amplificador pat~ obte­

ner lo m6ximo solida, 

Como conclusi6n, diremos que los especificaciones del amplific9dor d~ 

ber6n cumplir, como mínimo, los propios exigi~as al sistema en conjunto. 

Coracter!st1cos superiores solo producirían un encarecimiento inneceso-

rio, 

E Registradores 

E"l regist radar es e 1 inst ruma nto que recibe las informa­

ciones transmitidas por los captadores a trav's de los m6dulos inte~~e 

dios para ser grabados de forma que permitan el c61culo 6 procesamien 

to de datos. 

L~ elecci6n del registrador, al igual que los demás compo 

nentes del sistema, estor6 condicionado por el par6metro o medir. 

Si los fen6menos a registrar son de muy bajos fr~cuencios 

un regi.strodor potenciométrico será suficiente. Por el contrario, si.:.. 

los frecuencias son de algunos herzios, t·endremos que utilizar un re­

gist~ador oscilogr6fico de haz luminoso, microfilm, placas oscilosc6-

picas 6 cinto magnética. En general, varios ser6n los factores que in 

tervendr6n en la elecci6n y convendr6 considerar: 

Fidelidad, 6 sea, distorsi6n que experimenta lo señal en 

lo grobaci6n •. 

Valor mínimo de señal_ que .puede ser grabado y posterior­

mente· interpretado dentro de los límites de ·exactitud y precisi6n exi­

gidos en lo medida, 

Banda de frecuencias con respuesta plana. 

----, 
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Número de canales simult6neos de 'registro. 

Tratamiento posterior de la información. e, 
En medidas din6micas son muy utilizados los registrado­

res oscilogr6ficos de haz luminoso y los registradores magn4ticos de 

cinta. 

Registradores oscilográficos de haz luminoso. 

La señal el4ctrica procedente del captador excita un ga! 

vanómetro que refleja el haz procedente de una fuente luminosa capáz -

de impresionar un papel fotosensible, grabando en forma analógica la 

magnitud física objeto de la med-ida. 

Cuatro son los elementos fundamentales de un oscilógrófo: 

mecanismo ~e transórte de papel, fuente lumin~sa de .alta intensidad, 

sistema óptico y galvanóme t_ros. El mecanismo de transporte de papel de 

be permitir varias velocidades de registro y asegurar la constancia de 

cada una de ellas. Una de las limitaciones de registrar fenómenos de -

frecuencias elevadas la impondr6 La capacidad de transporte del papel 

para e onseguir la ve loe idad adecuada que permita una grabación legible, 

con un consumo mínimo de papel. 
----,- ~~--- ----------------------- --·--·- --------------------

La fuente luminosa está tambi'n intimamente ligada a la 

frecuencia de los fenómenos a registrar y se comprende que, para fre­

cuencias elevadas, el tiempo de exposición del haz luminoso sobre el 

papel será muy breve, de ah! que la intensidad del mismo tendrá que -

ser grande. Se utilizan focos de lámparas de tungsteno, arco, halógenoL 

vapor de mercurio, etc. El límite est6 en frecuencias de unos 25 KHz. 

El sistema Óptico de su oscilógrafo estd formado por una 

serie de espejos y lentes que conducen .el haz_ luminoso hasta el papel 

fotosensible, consiguiendo que la grabación sea legible. ha calidad 
. . -

de sus componentes, su facilidad de ajuste, as! como la precisión de 

su montaje, ser6n el índice de la bondad de este sistema.· 

El galvanóme-tro es el elemento fundamental de un 

dor y su misión es convertir una determinada energ!a el4ctrica 

miento de rotación. 

regist~f 
en mov1 

-~-
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Los galvon6metros tipo D'Arsonvol 

son los m~s utilizados y est6n - · 

~ constituidos por uno pequeña bobi 

.aco'~" '.<._.. 

~'>,f;; 
fuLOS. 1 i 1 

no con une suspensión torsioncl -

sometida a un campo mcgn~tico con~ 

tonte¡ le suspensi6n es portadora 

de un espejo que racibe un hez de 

luz y lo reflejo sobre papel fot2 

sensible; el paso de une corriente 

'por la bobina crea un campo elec­

tromagn6tico, cuya resultante con 
1 

el campo mcgn~tico del im~n perm~ 

nente originar& el giro de le bo­

bina y, por tonto, el del espejo 

de le suspensi~n. 

El valor T del par de torsión de lo suspensi6n tiene por valor T= NBi. 

,o. cos ~ siendo.: 

N = N~mero de espiras 

B = Densidad de flujo 

i = Corriente en le bobina 

e = Ancho de la bobine 

~= Angulo de deflexi&n 

La deflexión del hez luminoso es proporcional el n~mero 

de espiras de lo bobina e inversamente proporci6ncl e la constante 

de torsión K de le suspensión; un incremento del número de espiras y un 

decrecimiento de le constante K, aumentar6 la sensibilidad, pero tcmbi 

tcmbi6n el periodo de la oscilaci6n, disminuy~ndo, por tanto~ le fre­

cuencia natural. De aquí se deduce que un galvanómetro con amplie res 

puesto en frecuencia impliccr6 sacrificio en la sensibilidad. 

Un galvanómetro balístico se usa para medir la cantidad 

de carga desplazada por una corriente de corta duración. Supongamos 

(fig. a) que se cierre el interruptor e inmediatamente se abre, por G 

circular6 une corriente de desear 
' -

ga que·orjgina un giro de la suspe~ 

sión. Este giro de la bobine en un 

campo magn6tico induce une f,e.m. 

pero, c·0mo el circuito est6 abierto 

no circule borriente por G y 6ste 

oscila indefinidamente existiendo 
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aJ. 

b) 

comq 6nico amortiguamiento, la frie 

ci6n de la suspensi6n. 

En la(fig. b) la corrt•!l•te debida a 

la f.e.m., inducida por el gi~o, se 

cierra por el shunt y esta corrien­

te origina un par de torsi6n que se 

opone al movimiento producido por 

la descarga del condensador. El va-
\ 

lor de la resistencia shunt limita 

el valor de la corriente antdgonis-

ta, existiendo un valor para el -

cual G retorn~ a.cero sin entrar en oscilaci6n. Este valor de shunt 

se denomina resistencia externa crítica de amortiguamiento (Critical· 

External Damping Resistan~e, CSDR). 

Galvan6metros utilizados para frecuencias bajas necesi 

tan el amortiguamiento indicado en el p6rrafo anterior. Por el con­

trario, para altas frecuencias el amortiguamiento se consigue intro 

duciendo la bobina en un tubo capilar con un fluido (Silicona). 

Terminología de galvan6metros 
----- ----------------------

Frecuencia natural (Natural Frequency).- Es la frecuencia a la que 

un galvan6metro sin amortiguamiento responde con la 

m6xima amplitud. 

Sensibilidad en c.c. sin amortiguamiento (Undamped d-~- Sensitivity).­

Deflexi6n por unidad de corriente del punto luminoéo 

sobre un plano situado perpendicularmente a un brazo 

6ptico determina~o. 

Sensibilidad en tensi6n (Voltage S~sitivity).- Relaci6n de la de­

flexi6n con un determinado bntizo 6ptico a la d.d.p. ~ 

aplicada al :circuito del galvan6metro, teniendo 'ste 

una resistencia interna equivalente a la resistencia 

de amortiguamiento. 

Ejemplos Sensibilidad de corriente= 

Sensibilidad de corriente 
sin amortiguamiento = 

Sensibilidad de tensi6n 

·O -lo· 
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'lo f,t~ ~~b ~Cr~:tOOO 
CIRCUITO. DE TENSION C 1~;;11 I'l'O lJ!~ COfUU~!N'l'F. 

Re~istencia de amortiguamiento (Dcmped Resistence).- Valor de resiste~ 

cia requerido para el 0,64 del amortigu~miehto cr!tico, 

Desequilibrip (GalvanometerUnbalance).- Méxima deflex.,(n que se prod_!¿ 

ce en un galvamómetro al someterse a.una oceleraci6n de 

1 g. en cualquier plano, 
" 

Linearidad (Linearity).- Grado de concurrencia entre uria posici6~ del 

punto luminoso y valor teórico. dividido por deflexión 

específica al valor total de escala, expresado en %. 

Error tangencia~ (Tangential Error).- Error causado al registrar en 

una superficie plana, en vez de una circular de radio 

igual al brozo Óptico. 

Resp~esto en frecuencia (Frequency Response),- Frecuencia a la cual . . 

lo respuesta es plana, 

Corriente de seguridad (Safe Current).~ M6xima corriente que puede pa­

sar permanentemente por el galvanómetro sin dañarlo. 

Resistencia interna (Internol Resistonce).- Resis.tencia interno de la 

suspensión y bobina media con corriente cont!nua, 

C6lculo de redes de amortiquamiento. 

~ R. ~ 
--~K: i· ~ QR> ~ 0 

Al conectar un galvanómetro a un amplificador ó circuito de medida se 

presento elproblema de acoplamiento de impedancias,ya que el amplific2 

dor tendr6 un valor Óptimo RL y, a su vez, para un amortiguami~nto de­

terminado, el galvanómetro requerirá una cierto R0 • En todos los gal­

vanómetros CEC. el valor R0 indicado en sus especificaciones se refiere 

al 64% de su amortiguamiento cr!tico, equivalente a uho respuesta plana 

- hasta el 60",.( de su frecuencia natural. 

Fij6ndonos en el esquema; siempre habr6 unos valores ~l -

- R
2

- R3 , ·que permitan un acoplo y las ~cuacione~ que establecen di. 

chós valores son: 7~ 



Donde 

.lt 

1 

R2 

=_RL- \l-K) R2 

- K ( R . ..¡. RD) [ 2 
- g 1-K 

R = (l-K) R - R 
3 K 2 g 

R = SD/I
0 

1 

(Rg t RD)/(RL 1 

RL = Optima impedancia de carga para el amplificador ( 

R
5 

... Resistencia de salida del amplificador. 

R0 =Resistencia de amortiguamiento requerida por el galvan6metro. 
~ ' 

S • Sensibilidad del galvan6metro (mA/cm). 

R = Resistencia interna del galvan6metro g 

O = Oeflexi6n deseada (cm). 

1
0 

= Corriente de salida del amplificador para el total de escala. 

K = Constante. 

-

En galvan6metros amortiguados electromagn,ticamente, el 

valor h = amo_rtiguamiento total, es la suma de dos valores, uno cons-e. 

tante, (amortiguamiento viscoso = h ) y _otro variable (amortiguamiento 
--------------------. V 

magn't 1¿-c:):-;.-h~y~--Cas -e speci t·ic:-acj-ones--CEG -i-nd-ic an-e-stos--valor.es _pa_l"'_a __ .:_ ____ _ 

cada tipo. En ellos se cumple: 

h = h -!' h m v 

hml R~ t· R 
= --nl g 

hm2 

~2= 

Donde 

h· 
.m 

Rn2 + Rg 

(~r:n t R ) - hm2 R 
ll_'___ --··. -- ll 

hm2 

h 1 = Componente i'nagn,tica de amortiguamiento para el 64% de amortigua m -
miento crítico. 

hm2 = Componente i'nagn,tica de .amortiguamiento pa·ra el nuevo amortigua-

m~ento deseado. 

R01 = Resistencia del amortiguamiento (64%) e 
Ro2 = Nueva resistencia de amortiguamienti. 

Eligiendo un determinado valor de h_, (CEC incluye las 

cu~---~~-respuesta de ___ un galvan6metro para diversos h), podremos uti 



.. 

e 

lizar los galvanómetros como verdaderos filtros. 

F R~GISTRADORES ANALOGICOS DE CINTA MAGNETICA 

Hace· aproximadamente 30 a~os, Marvin Comras presentó al 

-Navy's Bureau of Ships un instrumento que podr!a ser utilizado por la 

in~us~ria naval. Era el primer registrador en cinta monn~tica basado 

en los mismos principios que hoy se siguen utilizando. 

Consideraciones teóricos 

Una cinta de material ferro-magn~tico es el soporte de 

este re-~i st ro. La se~al el~ct rica de entrado se opl ica a las bobinas 

del circuito magn~tico de registro por el que pasa la cinta, el cual 

es sometido a una inducci6n proporcional al valor de entrada. 

La inducciéSn .remanente forma el dato memorizado en la 

cinto que, al posar por un circuito de lectura cr~o, por varia~i6n 

del flujo, uno f.e.m. inducido. 

• Y!ntajos del registro magntSti_E2 

e 

Veamos primero las ventajas del registro en c-in:t.a magn_! 

tica respecto a otros sistemas tradicionales·, ·principalmente gr6ficos, 

que han hecho esta t6cnica indispensable en e iertos c·ampos- de· aplica'­

ci6n y una de los m6s utilizadas y de m6s posibilidad85r 

12) Permite registrar un vasto campo de frecuencias,. d:esdé c .• c:. ha~ta 

varios MHz. 

22) Un amplio margen din6mico 6 campo de m~dida superior at 50i dB. Se 

conoce por campo de medida la razón, medida gener.·crl!me:n~te. err: dB:, 

entre la m6xima señal medible sin distorsión 6: se·ña~l! f'o-n:do, die: es­

cala y la mínima señal_ distinguible d_el ruido.· En _o,t:r·os- -t:~·:r.mínos, 

es una relación se~al/ruido referida al·' valor fondo: d1e1 esc:ailia •. 
. ' . 1 

- r \' . 

Conside~ando la señal a medir, un campo de medida s~p~rio~ a so~ dB 
. 1 

indica una resoluc i 6n del orden del O, 3% del v·a·I:or- m6'ximo> med'ib1e .• , 
. ' ' 1 

' 1 . 
3 ) . .e· .. . .. 

2 En .caso de sobrecarga, los. pos 1bles desperfectos so·.n; mJ::.ni·mo·s; S·J:- los, 

comparamos c.on los que se pueden suced1r· a gal'van·óme:b:··o:s~- ~~ ot:r-·os· 

sistemas mec6nicos. 



42) La informaci6n se re~oge y reproduce en su forma el( EllÓ •• 

permite utilizar el registrador, no solo· como instru; ....... de medida, 

sino tambi~n para recrear el fen6meno original, utilizando e.n su 

salida un transductor inverso al utilizado en la entrado. Esta cap~41t 

cidad 6nica le hace insustituible •n experiencias s imul odas,. 

La memorizaci6n de la seRal en·su formo el~¿trica posibilit6 los 

trabajos de adquis i c6n de datos e _n e 1 lobo rato río cuando las con­

diciones de medida no permitem hacerlo in situ. 

~2) La cinta magn~tica puede borrarse y utilizarse de nuevo, lo q~e 

representa una gran economía frente.a otros m~todos. 

62) El fen6meno registrado- puede reproducirse milea de veces, lo q~e 

aseguro la obtenci6n de la m6xima informaci6n para el an6lisis de 

datos. 

72) La densidad de informaci6n obtenible en un· registrador de cinta 

mogn~tico no es posible con otros m~todos. Cientos de canales pue 
. -

·den registrarse mediante t6cnicas de multiplexing. 

82) Otra característica, y no lo menos importante, es su facilidad p~ 

ro var!ar la base de tiempo, reproduciendo el fen6meno a distinta e 
velocidad de la del registro. 

-----7"""---- -- ------- ---~ -- --·- --------- ------ ---·~ -- ------- ---------

Descripci6n de un registrador magn6tico 

Con objeto de conocer alguno de los principios del diseAo de estos r~ 

gistradores, pensados para ut il iz aci6n instrumental, estabLeceremos 

cuatro grupos b6sicos en su construcci6n: 

12) Electr6nica de registro y reproducci6m, qLJe codifica la seRal, pr!_ 

par6ndola en forma adecuada para registro 6ptimo y la descodifica 

para recuperar la seA~l en su forma el~ctrica original. 

' . 
22) Cabezas magn~ticas ~u~ durante el registro convierten la seRa! 

el6ctrica en diversos 1estados de ma~netizaci6n de la cinta y du-
' 

rante la reproducci6n realiza. el proceso inverso. 

1 • 

32) Sistemas de arrastre ¿uya funci6n es mover la cintu con la m6xima 

suavidad y a vel~cidaJ\ constant~. La ppecisi6n de este movimiento 

condiciona granderrente· la calidad y coste del registrador. 
' 

42) Cinta magn~tica consti~1tuida po~ un soporte dplgado, mag~~ticament~ 
' 1 

neutro, (pl6stico, polJiester, generalmente) lo m6s resistente posi· 
1 -

e 



.. 

e 

e 

ble a la tracci6n mec6nica soo e la que se ha depositado una sus­

pensi6n de 6xido flrrico. 

-e. ro~~ 
Entr111~ de ,.._...._ 

s lro {

f:l ;;;;-;;, j 1 ~··. f ' 
----- 'rlf! ·----· rlf!pr·odl•CC. . . 

---·M---·--··-
Si stP.ma dl" arnHi lt e 

C) 
4---

[jnf.a 

Cabeza ~'!IJ-JIIlHica 

Sistema de registro en Modulaci6n de recuencia 

Para compensar los incc weni~ ntes impl!c{tos. del regis-

1: ro di recto; se utiliza la modu laci6• de la señal en frecuencia y as! 

lo inestabilidad de amplitud no prod ce trastornos en cuando que lo i~ 

formoci6n va contenido en la frecuen :a. Lo imposibilidad de registrar 

señales de frecuen~ios muy bajos no xiste, ya que señales en continuo 

son, en realidad, ~epres~ntodas por ~ecuencias m6s 6 menos altas. En 

todo sistema FM, el demodulador debe ir seguido por un filtro pasoba­

jo, cuyo frecuenc
1
ia de corte debe se. cerca de 1/5 de la portadora. 

Entrad•!II...J. Amplificador, 
---~~[\!· de 1 Al! 

Amplificador 
de 

Reproduccidn 

Control· 

'de 

Modulaci6n 

Filtro de 

paso bajo 

La tecn1ca FM lleva la se~al a ·travls de un amplificador 

de c.c. o uri oscilador controlado por v?lto~e La amplitud de la señal 
. ( , . . 6 f 1 . . 1 f . d 1 Se conv1ert~ OS~ en UnO deSV10C1 n de recuenC10 y O recuenc10 e O 

señal en un
1
a velocidad de desvioci6n. ~sta portadora de frecuencia on­

dulado se 1egistro en lo soturoci6n. E~ amplificador de reproducci6n 

de$modula y filtra la señal para•recog~r·el dato. 
1 

e Uno primera desventaja, inmediatamente observable, comp~ 
' 

rondo los 
'' 

~iagramas bloque, es ~u m6s compleJ·a electr6nica. As!mismo~ 
¡ . \ . 

el sistema, de tr_ansporte .debe se,r m6.s P.er~eccionado y preciso, ya que . ' 

si la.velo~id~d no es rigurosame~te 
1 

consta~te, se traduce, no en un 
. 1 



error de la base de tiempos, sino en una modulaci6n indeseada 6 rui-~ 

do, Igualmente, la respuesta de frecuencia es inferior que en el re­

gistro directo. 

Sus ventajas m6s destacabl•s son: 

a) Posibilidad de ~egistrar seRales en continua. 

b) Insen~ibilidad a las variaciones de amplitud, as! corno al ruido­

originado en la cinta. La relaci6n seRal/ruido es superior en al­

gunas decenas de dB a la obtenible en el sistema directo. 

Especificaciones de un ~egistrador magnltico 

Respuesta en frecuencia 

Viene determinada por la longitu~ del entrehierro de las 

cabezas reproductoras, la velocidad de transporte y el m&todo de re -

gistro. 

El límite superior de frecuencia lo alcanza cuando la -

longitud de onda registrada (velocidad cinta/frecuencia) equivale al 

entrehierro. Los registradores de instrumentaci6n actuales operan a 
\ 

velocidades comprendidas entre 1 7/8 y 240 in/~ec. L;:~s versiones mó-
\ 

-¿~ r no S-pueden- -e 5-t ob iece r S e en ~-ós cal e-gó -r Jascfe --oan da ,S in te rme d ia y 
de bandas anchas. 

' 1 

Relaci6n señal-ruido \ 

Es una indicaci6~ del margen din6mico de s~ñales de en 
1 ' 

trada que pueden registrarse, ~eproducirs~ y separarse de\1 ruido del 
\ sistema. 
\ 
1 

Se expresa en dB y en una funci6n primaria d\ la elec-\ 

tr6nica de. reproducci6n y del r~ido de la cinta. 
, . 

\ Distorsi6n orm6nica 

Es la medida de laino 
1 

so como porcentaje de uno 6 tod~s 

l . . . \S 1nearJ.dad del s J.S tema. \ e expr!. 

los orm6nicos respecto a la frecuen 

cia fundamental sinusoidal. 

Flutter 

l 
En los registradores d~ 

sidera flutter· como cualquier ·¡forma de 
1 

cinta de instrumentaci6n/ se con 
1 ' .... 

v;.:2riaci6n 'de velocidad ~uperior 
1 , 

e 

e 

e 



•. •. 

e 

e 

e 

a 0,2 Hz. Un cierto flutter existe siempre debido a imperfecciones en 

el sistema de transporte 6 en el recubrimiento de la cinto. Esto pro­

duce perturbaciones en la base de tiempo e introduce ruido en el modo 

FM. 

Se expresa en t'rminos de %, pico a pico. Cuando se -

comparen especificaciones de flutter en diferentes equipos debe hacer 

se en el mismo ancho de banda y velocidad de e inta; norma-lmente a -

mayor velocidad, el flutter es menor. 

El flutter puede reducirse significativamente, acoplando 

un servosis~ema con control de alto frecuenci6 o un ~ronsporte ~e bo­

ja inercia. 

Error de base de tiempos 

Cuando se utilizan sistemas de bando ancho, el error de 

tiempo ob.soluto es normalmente más significativo que el error de -

tiempo porcentual. En toles casos, se especifico el TBE, que es la va· 

riaci6n del flutter con el tiempo. 

En.la comporoci6n de dos registradores de TBE inferior 

nos asegura una reducci6n proporcional del flutter. Un flutter o bajo 

frecuenc io pro duce ,Pr:-oporc ionalmente un mayor TBE. 

Dynamic Skew 

Se define com9 el error de desplazamiento· de t:i empo· in­

tercenales ( ITDE) y es un desplazamiento variable de tiempo· entre' las 

pistos de Uno misma cabezo COUSado por tensiones no unif.o-rme:s de· Ci!2_ 

te 6 irregularidades en su dimensionado.' Se expresa e.n /se·g· ... d'e aes­

p~ozaml.ent~. Poro que ,sean(lsignificativos, deben mencionarse' ~-o velo­

e 1dod de e 1nto y el numero de canales· sobre los que se ha' med1d•o·,. Una 

especificoci6n típico es ±)0,25 /seg. entre pistos od:Yocentes· de 

lo mismo cabezo a 120 ips. 
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INTRODUCTION 

Toda~, the use of experimenta~ stress analysis techniques 
has been considerably,expanded in such fields as: 

- establishment of design criteria 
- improvement·of product reliability 
- reduction of weight and cost 

The necessity for th~se techniques has·been created by 
current technical advances, radical designs and an in­
creasingly competitive market. 

These pressures have forced an increased work load on the 
engineer who by necessity is now looking for tools and 
methods which will help him reduce his testing time and 
costs as well as providing him with more data. 

Photoelastic coatings, the most recent development in 
stress analysis techniques, has preved to be an extremely 
versatile yet simple tool. It is, therefore, becoming 
widely used both in field and laboratory testing. It 
combines the best features of strain gages and'classical 
photoelasticity by providing: 

- a visible picture of the surface stress distribution 
of the component 

-stress. distribution which is accurately readable.at 
any point for both direction and magnitude 

Wh~le the photoelastic model is still the only method for 
three-dimensional analysis, the surface coating technique 
eliminates the difficulties in casting complicated models 
yet permits the measurement of surface strains in the elas-

'tic or plastic ranges on structures, joints, weldments, etc., 
previ?usly inaccessible to photoel~sticity. -

Poliiiz~d Light - Fundamentals 

Light or luminous rays ar~ electromagnet~c vibrations similar 
to radio waves. An incandescent source emits radiant energy 
which propagates in all directions and contains a ~hole "spec­
trum" of vibrations of different frequepcies or wave lengths. 
A portien of this spectrum is useful within limits of human 
perception (wave lengths between 4000 and 8000 Angstrom* 
uni ts) . 

*Angstrom unit = 10 - 8 cm. 

- 1 -
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The vibration associated with light is perpendicular to the 
direction of propagation. A light source emits a train of 
waves containing vibiations in all perp~ndicular planes. 
HÓwever, by the introduction of a polarizing filter (P), 
only one component of these vibrations will be transmitted 
(that which is parallel to the privileged axis of the filter). 
Such an 6rganized beam is called pol~rized light or ·"plane 
polarized" because the vibration is contained in one plane. 
If another polarized filter (A) is placed in its way, complete 
extinction of the beam can be obtained when the axes of the 
two filters are perpendicular to one another (See Figure 1) . 

Extinction 

QirG~RE 11 
¡f •• 

Light propagates in a yacuum or in air ~~·a spee4 .(C) of ~ 
x 1olü cm/sec. I~ othrr.transpaFent b~g1fs, the speed V 1s 
lower and the rat1o C/}1 1s calle!). the ~nd,rx of refraction. . 
In a homogenous body tpis index ~s conr:~apt rega~dless of 
the direction of propagation or Plane ~t yibrat'ion. · However, 
in ~ryst~ls the index ~~pends.up~n the¡l~p~entatiqn of vib~ 
ra t1on W:l th respect to: 1 ts ax1s. 1 · i• : 

Certairt materials, no~ably plast~cs, ~~~~~e homo,~nousl~ 
when un~tr~ssed QUt b~come.het~rggeno~~ ~hen stressed. The 
change 1n. 1ndex 9f re:t¡ract1on 1s .. a fu~c;:t~on of tne stress 
applied ~imilar ~o th~ resistivi~y ~d;i~~ resistance chang~ 
in· an electrical · st~a}n gage. '; ' ·· .. ·.: 
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When a polarized beam (P) propagates through a transparent 
plastic of thickness, t, where x and y are ·the directions 
of principal strains at the point unde~ consideratlbn, the 
light vector splits and two polarized beams are propagated 
in planes "x" and "y". (Figure 2) 

1 

. p 

1 /-· 

/ 
PLANE POLARISCOPE (FIGURE 2l 
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If the strain intensity along "x" and "y" is Ex and Ey -
and the .speed of the light vibrating in these diréctions 
is Vx and Vy respectively, the time necessary to cross_ 
the plate for each of them will be t/V, and the relative 
retardation between these two beams is: 

o = e (!_ - !_) = t (n - n ) 
Vx Vy X y 

Brewster's Law established that: "The relative change in 
index of refraction is ~roportional to the difference of 
principal strains", or: 

The constant K is called the "stra:Ch-optical coefficient" 
and characterizes ·a. physicªl property o-f the material. It 
is a dimensioriless constant usually establ~Shed by cali­
bratibn and may be considerad similar to the "g~ge factor" 
of resist<?-nc~ strain gages. Combining the expressions above, 
we h ave : - - - -

o = tK (E~ ~y) in transmission 

o = 2tK(Ex E ) in reflection polariscope 
(light passes through the plastic twice) 

Consequently ,_ the basic relation for strain measurement 
using the photoelastic coating technique is: 

Due to_ the relative retardation o, the two waves are no 
longer simulta11eous when erne:r;ging frpm the plastic. The 
analyzer A will transmit only one component of each of these 
waves (th~t is parallel to A) as shown on Figure 2. These 
waves will interfere and th~ fesulting light intensiiy will 
be a function of: 

-- the retardation o 
o/ the anale between the analyzer and direction of 

principal stresses (B - a) 

In the case of a Plane Polariscope, the intensity of light 
~rnergi~g w~ll be (Lever B on instrurnent set at "D" position): 

I = a 2 Sin 2 2(B- a) Sin2 no 
A 

- 4 -



Adding quarter-wave plates in the path of light propagation, 
transforms the instrument into a "Circular Polariscope" 
(lever B 6n instrument set on "M" pbsitien}. The emerging 
light intensity is now independant of the direction of 
principal stresses: 

I = a2 Sin 2 Tic (See Figure 3) 
T 

X 

o 

CIRCULAR POLARISCO~E l FIGURE 31 
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The expressions shown above basically describe the function 
of a polariscope. 

In a "Plane Polariscope", dir~ctions of th~ principal stresses 
are rneasured. The light intensity becornes zero when S - a = O 
(see Figure 2), or when the crossed polarizer-analyzer is 
parallel to the direction of.principal stresses. 

In the "Circular Polariscope", the light intensity becornes 
zero when 8 = O, 8 = lA, 8 = 2A •••• , or in general: 

o = NA 

Where N. is 1, 2, 3,· etc. 

Thi s nurnber N is al so- called fr inge order and bas ically i t 
expresses the size of o. The wave length is selected: 

A= 22.7 X 10-6 in. 

The retardatióh, or photoelastic signal is si::n~~l~ described 
by N. Asan· exarnp±e,~if N= 2: 

Once 8 

(8) Retardation = 2 fring~s 

or 8 = 2A 

or 8 = 2 X 22.7 X 10-6 in. 

NA --is~known, ,the- strains ·are: --~----- ,~-~-,-,-~ 

o 
2tK 

= N_A_ == N ~ f 
2tK ' 

where f contains all constants and N is the result of rneasure­
rnents. 
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SECTION 1 

BASIC ANALYZER 

DESCRIPTION AND ASSEMBLY 

l. O DESCRIPTION 

The· Basic Analyzer, Model 031, consists of two ball­
bearing mounted Polarizer-Quarter Wave Plate Assemblies 
attached to a common frame, and mechanically connected 
so that they rotate in unison (See Figure 4). The 
assembly (1) is equipped to receive the special light 
source (3), and the assembly (2) is provided with 
measurement scales. The instrument is also equipp,ed 
to accept many new accessories which greatly increases 
the versatility of the irtstrument and permits any 
photoelastic coating task to be accurately performed. 

- 7 -
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The Basic Analyzer measures three majar pieces of data: 

l. The directions of the principal strains or stress 
2. The magnitude and sign of the tangential stress 

at free boundaries, or in any region of uniaxial 
stress condition · _ 

3. The magnitude of the difference of the principal 
strains or stress in bi-axial state 

The instrument may be hand-held or mounted on a tripod. 
The hand-held feature is used to inspect areas for 
possible detailed analysis by quickly scanning the entire 
test part. The portable operation is also used when a 
large' number of · poin t by poin t meas u remen ts are to be 
made on a structure, and for analyzing hard-to-see areas 
where a tripod would be awkward. In other cases, when 
att~ntion is concentrated on only a few areas, or when 
a laboratory test i~ being conducted on small parts, 
the instrument will usually be mounted on the tripod. 

l. 1 ASSEMBLY 

. ··. 

To prepare the polariscope for operation by hand or on its 
tripod, proceed as follows: 

l.) 

2. ) 

3 • ) 

4. ) 

5. ) 

6. ) . 

7. ) 

8 ·• ) 

Remove the polariscope, light housing, and handle 
from the instrument case. 
Dust off the meter unit, using a soft tissue or 
cloth wet with alcohol. 
Mount the light housing on the meter by engaging 
the hales in the mo~nting brackets to the pins 
fixed to the polarizer frame. Adjust the angle 
to a slightly convergent position for normal 
incidence measurements (See Figure 5) . 
Place the bulb in the rear position. The normal 
life of the lamp (type DFA TRU-FOCUS Base 150W, 
l20V, Tl2) is 15 hourq. . 
E~tend the legs of the tripod to the desired 
length and lock them t~ghtly if the instrument 
is to b.e used on its· tripod. · 

· Mount tn,e ha!ldles .lock{ng the tripod platform. 
Note: The h~ndles are not identical; the longer 
one is ui~d ~o control the forward tilt, the 
shorter td c~ntrol late~al tilt. · 
Place the ~n~lyzer dire~tly on the tripod plat­
form and mo1¡1~t in place using the 1/4"-20 thread 
s crew provid,.rd. 
Attach the meter to the grip-handle for hand-held 
opera tion. 

1

:1 
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SECTION 2 

MEASUREMENT OF DIRECTIONS OF PRINCIPAL STRAINS 

2.0. INTRODUCTION 

The principal strain directions are always measured with 
reference to an established line, axis, or plane. There­
fore, the initial step for the determination of the dir-

·ection of principal strains (or stresses) will be to 
select.a convenient reference. In most cases, the re­
ference direction is suggested immediately, like an axis 
of symmetry of the test part or structure¡ in other cases, 
a vertical or horizontal line will suffice. 

· 2.1 MEASUREMENT OF DIRECTIONS ATA POINT 

Whe_n~~-t:.h~~~d:i,rections of the principal strains Ex and <-y 
are to be measured~at Oa.o t>c)iñt~·o~tlie ~fo'll'owing procéd'l:lre 
shall be followed: 

. l. ) 
2. ) 

3 • ) 

4. ) 

5 • ) 

6. ) 

Assemble the instrument, as discussed in Section 1.2 . 
Connect the light source to a 110 volt outlet and 
switch the light on. 
Direct the light beam toward the point of interest 
on the part· or structure bEf·ing studied. The suggested 

·dis toance- -between~ .the_ ins:t:t:".úm~n_t and the observed 
. . 1 ----- ~""=~ --·~ ---= -~=.- -~-- """-~--==-- -~=- -~~ --

are as is between 1 1/2 feet an9. 8 feet. --
Orient the instrument so that one of its axis is 
parallel or perpendicular'to the selécted reference 
direction. Consequently, with the direction arrow 
reading 0°, the axes of rolarization will be para­
llel or perpendicular t~ the refer~nce. . 
With the direction and qompensation scale on the 
meter set at zero (Figuie 5), check the unloaded 
part for an initial pat~ern which may be due to 
improper application of the plastic~ or stresses 

. created during the tes~ assembly operation. If a 
colored pattern appear~, a ze+o reading should be 
obtained befare loading (Section 5, Part 5.1). 
In most cases, however, the plastic on the unloaded 

·part will appea~ black or dark bluish, anda zero 
reading will not. be necessary. 

'Proceed with the. loading of the part (if possible, 
incremental loading is recommended). 

- 10 -
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7.). Move kriob "B" from "M" (magnitude) to "D" (direction) 
position (See Figure 5). This aligns the axes of 
the quarter-wav~ plates parallel to the direction 
of the polarizer and analyzer, and the meter is 
transformed from a "circular" to a "plane" polar­
iscope (quarter-wave plates are optically removed 
from field) . 

8.) If measurable strains do exist, a pattern of color 
and black lines (or areas) will be observed. The 
bands of equal color (isochromatic fringes), will 
be discussed in measurements of magnitudes of strains 
(Section 3). The black lines or areas, are of primary 

·interest to us in this discussion and they indicate: 

l. Areas of zero shear strain Ex - Ey = O (o = O) 
2. Areas of equal direction of princlpal strains 

Along such a black line, the direction of principal 
strains (or stresses) is the same as the axis of 
polarizer-analyzer. In order to differentiate be­
tween these two cases, loasen the lock located on 
handle "H", rotate the polarizer-analyzer assembly 
and observe any black areas or lines in the field. 
Upon rotation, any areas or lines that remain black 
ahd stay in a fixed position are those places where 
the difference of the principal st~ains is zero.· 
The black lines which move as the rotation is pro­
gressing are termed "Isoclinics", and are used tó 
determine the direction ·of t~grin_c.ip_aLs.tr.ains 
Ex and Ey· At"-.every point on a isoclinic line, 
the directions of the principal strains are the 
same. These di~ections are shown by the angular 
posi tion of the 'polarizer and analyzer ( arrow. "A" 
on Figure 5) . "' 

9.) With a grease pen9il, mark a cross on the plastic 
coa ting def ining the point of in te res t on the tes·t 
part, and identifi the marked point with a letter 
or number. 

lO.) By means o~ handle ~H", rotate the po1arizer-analyzer 
until a black line (Isocl±nic) crosses over the 
marked point. Now, the axes of the polarizer and 
analyzer are paralleÍ and perpendicular to the dir­
ection of the· princi~al strains Ex and Ey at the 
point, and their posi.":tion with respect to the 
selected reference is shown on the meter· (Figure 6). 
The ~rrow on the meter shows the rotation ~n degrees 
of the polarizer-analyzer assembly with respect to 
the reference line on'the part, and indicates the 

.direction of the prinsipal strains. 
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When bringing the isoclinic to the point of measure­
ment, the polariz~r-analyzer rotation may be either 
clockwise or counter clockwise. Therefore, in order 
to record< the data wi thout ambigui'ty, the angular 
rotation must beaccompained with the correct sign. 
The clockwise rotation is considered positive and 
counter clockwise negative. 

2.2 MEASUREMENT OF DIRECTIONS OVER ~ARGE ÁREAS 

In many cases it is necessary to know the directions of 
the principal strains over thé entire area coated, in­
stead of at individually selected"points. The initial 
pr"oce'dure is to repeat steps 1 thr"ough 8, as previously 
described, for determining the principal strain direct­
ions_ a t a point. After completing\ st€1P 8, proceed as 
fo·llows: 

9.) By means of handle "H", rotate the polarizer­
·analyzer assembly to the angu];ar positions O?, 
15°, 30°, 45°, 60°, 75 6 , and Q0°, as_indicated 
by arrow "A" on-the meter (Figure 5). At each 
angular position, the black isoclinic~ will be 
observed in a different location (except for the 
90° position .which will be the same as that ob­
served at 0°). 

10.) With a grease pencil, trace the isoclinic lines_ 
directly on the part at each angular position, and 
assign to each line it~ corresponding direction ~s 
indicated by arrow "A" on the meter. 

11.) After the isoclinics have 9een traced onto the 
plastic, transfer their positions onto onion-skin 
paper. The isoclinic recording can also be 
accomplished by photography, which is a faster and 
accurate technique. The photographic procedure 
follows: · · 

a. Install the camera and obtain a photograph for 
each isoclinic at eve~y angular'position. Be­
fare taking each photograph, mark in a con­
venient location in the field of view, the 
corresponding angle for idehtification. Also, 
be careful not to alter the position of the 
camera from frame to frame. A color film 
that directly yields slides should be used. 

b. Next, project the slides of the isoclinics 
(0°, 15°; 30°, etc.) one by one 6n a plain sheet 
of paper, and then carefully trace the isoclinics 
on the paper as each slide appears. 

13 
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Following the tracing of the family of isocl.inics 
on paper, ~he isostatic flow lines can be sketched, 
these lines reveal the directions of the principal 
st~ains Ex and Ey at every location of the coated 
part. Figure 7 ~llustrates the photographs of the 
isoclinics in a ring subjected to diametral com­
pression, and Figure 8 shows how these isoclinics, 
from a segment of the ring, were transferred on 
paper from which the isostatics or principal strain 
directions were constructed. 

If the·isoclinics are sharp and narrow, it means the 
directions of Ex and Ey are varying rapidly from 
one location to another. If the isoclinics are 
broad black bands or areas, the directions Ex and Ey 
are varying slowly and the boundary surrounding 
the whole isoclinic should be marked (not merely 
the center) . In the case of the tensile specimen 
of constant cross section an isoclinic will be 
seen over the entire area when the axes of polar­
ization coincide wi th the axes of the specimen, 
~since-the:~direction~-o.~-e:~x. i·s-bl}e;,;~~same··-at·-every··po±nt. 
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SECTION 3 

MEASUREMENTS IN NORMAL INCIDENCE-INTERPRETATION OF 

STRESS DISTRIBUTION 

3.0 INTRODUCTION 

~xperimental stress analysis is not always reduced to 
measuring the magnitude of stress. In fact, the ability 
to see and interpret the complete stress field is one 
of the important time and money saving advantages of 
the photoelastic coating technique. If the part being 
str,ess analyzed is being done so· because of actual 
service failures, the display of the complete stress 
distribution on the part will usually offer suggestions . 
·On how to modify designs to prevent fqilures. Similarly, 
the analysis of the complete stress distribution in pro­
totype parts could prevent potential design errors, which 
if not corrected, may result in expensive repairs during 
service operation. 

The photoelastic pattern also yield~ valuable design 
information, on how to modify the part to make it 
lighter, and at the same -time less stressed. In addition, 
the visual stress display shows the relative importance 
of various load modes applied. Often such design in­
formation is revealed not by highly stressed areas, but 
by low stressed areas where material could be removed. 
After learning how t~ interpret the overall stress 
distribution, measuren;tent of the magnitude of the stress 
is then accomplished at the points of interest by the 
methods described herein. 

3.1 BASIC DATA ON PHOTOELASTIC MEASUREMENTS 

When a coated specim~n i~ subjected to stresses, the 
surface strains are ~he same in plastic as in the coated 
parts: 

. Ex, Ey are principal strains in plastic (and metal) 

B is the direction petw~en Ex·and selected reference 

- 17 -
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The stresses in the part are estab1ished from strain 
in the e1astic range by Hooke's Laws: 

E 
(E: X \.!E: y) ax = 1-l.!z + 

E 
(E: y + \.!Ex) ay = ~ 

and 

E 
(e::x E y) ax - ay = -

1+1.! 

At every point we receive the photoe1astic signa1, which 
is the retardation between two 1ight b.eams, one po1arized 
e::x, the other a1ong e::y: 

o ::::: N A = 2tK. ( e:x -~~~e::y) 

where o is the retardation (in.) 
A is the wave 1ength (in white 1ight A= 22.7 x 10-6 in.)· 
N is ca11ed "fringe order" which we are measuring 

The measured number N is then used for a11 the data reduct­
iori: 

The "fringe va1ue" f. i~ obtained from the p1astic app1ied. 

A 
f = 2tK = 11.35 X 10-6 

t K 

where t is the thickness of coating (inches) 
K is the sensitivity of plastic, supplied by 

the manufacturer (for K of various p1astic, 
see Bu11etin P-1120) 

The difference of principal stresses in the structure is: 

Note that in NORMAL INCIDENCE measurements, the quantity 
measured is the DIFFERENC. E OF PRINCIPAL STRESSES a a X - y" 

- 18 -
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In many practical applications (edges, uniaxial field, 
corners, long beams), one of the principal stresses is 
zero. In all tho~e cases we have: 

a = N fE 
I+il 

In the case of a biaxial stress field tw_o measurements 
are needed to determi~e the iqdividual principal stresses 

·. ox· and ay ( See Section 4. on Oblique Incidence Meas-uremerits) • 

3 .2 lNTERPREI'ATION OF PHOTOELASTIC :¡?ATTERN-IDENTIFICATION OF 
FRINGES 

' 
The photoelastic pattern appears as a colorful map of 
lines of equal ~olor (isoc~romat~c lines or finges). 
Every equal color line represents a constant level line 
of N (oro= N x 22.7 x lo-6 in.) .. The first logical 
step in a~alysis is to assign to those level lines their 
order (example N= 1, 2, 3, etc.) .to identify fringe 
orders. 

The following experiment will greatly simplify the under­
~tandin~ of identif~catibn of frin~es: 

EXPERIMENT FOR ILLUSTRATION OF P~OTOELASTJC READING AND 
INTERPRETATION OF STRESS DISTRIBU:TipN 

Prepare. an aluminum cantilever beq1.m· 1/8" .x 1" x 10" long 
for analysis by coating the beam dn one side with Photq­
lastic Plastic Type PS-2 (1/8" thü?J<t). Next, clamp the 
beam, coated side up, to the edge 9f a bench_or table. 
On the bther end, hang a 5 pqund w~~ght using a wire or 
cable ( See Figure 9) • Set-up the ir(s trumen t so that the 
polarizer-analyzer assernbly is looking down on the coated 
beam ( the handle "H" being alic;lllled wi th the long axi-s.. . 
of the beam)·. Now set all dia);s of the· analyzer on zero 
and move knob "B" to position "M" (magnitude) setting 
(See Figure 5). Make sure t~e b~am is illuminated by 
t-he light coming from the instpirnent. 

The retardation is increaiing Bropo~tional to the stress. 
· Every time the retardation is: ' • 

o = 1, 2A, 3A •. 4·x A, 

a particular wave disappears apd the complementary color 
is seen. As an e.xarnple, when p = 4 5 x 10-6 in. (o = A 
red) , red disappears and green~ is observed. 

- 19 -
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1 

' 

The follo~ing table explains th~ sequence of color ob~ 
served: 

RETARDATION COLOR N lo-6 IN. OBSERVED 

o Black o 

12 Yellow 

.. 18 Red 

22.7 *lst Fringe 1 
¡ 

25 Blue-Green 

35 Yellow 

40 Red 

45.4' *2nd Fringe 2 
-

50 Green 

57 Yellow 

63 Red . 1 
-----

--~-~ --
--~ 

---~---

---~8~~ *3rd Fringe 3 

73 Green 

' 
•. 

Observe the colored pattern appearin~ on the cantilever 
beam and compare the color sequence t;p that described 
above and shown in Figure 9. Note. ho'w the bands of 
color chanqe progressively from the lpaded end of the 
beam (zero.stress) to the clamped endr (high stress). The 
color sequence observed is black, yel~ow, red, blue, yellow, 
red, green, yellow, red, green. The ~olor transition fro~ 
the red to the blue (1st Fringe) and from the red to green 
(2nd and 3rd Fringes) is sharply marked . 

. Now starting from the black area where Ex - Ey = O (loaded 

. eqge o f. the beam) , trace a. line wi th a grease pencil at 
.the 1st: -2nd, and 3rd fringe locations. Note that the 
first fringe falls between red and blue, but 1n the sub­
~equent higher arder frin~es, the blue color d1sappears 
and is replaced by green. Repeat the exercise sever~l 
times tracing the line so that it is between the red and 
blue or red and green color. 
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The fringes are related to increasing strain a:,s follows: 

EXAMPLE: t = ~lOO} f = 757ll "/. 
K = .15 n 

Along the black fringe N= O E -E =Ü ·X y E -E =Ü X y 

Along the first fri;nge N=l E -E =f¡_¡"/n EX-Ey=757ll"/n 
(RED-BLUE) 

X y 

A long trie second f·ringe N=2 E -E = 2-fll "1 11 E _;,E =15141,1 11 /n 
(1st RED-GREEN.). 

X y X y 

Along the third fringe N=3 E -E = 3 fll"/ 11 E: -E =22711,1 11 /n 
(2nd RED-GREEN) 

X y X y 

: 

One can now see the significance of being ~ble to recog­
nize fringe orders. Once we master.this first and very 
importaht step, th~ initial study of thé overall strain 
dis tribu.t ion.~on~a~ test- -s-t~ue~t=m::-e~is~stra-.i;ghtforward-~ 
The fringes are continuous bands (occasionally dots) 
ending at boundaries or making continuous loops. They 
do not intersect at any ~oint. They follow in continuous 
sequence (if the 1st and 3rd orders are observed, the 
2nd must be in between) . Once ene fringe is recognized 
(usually "O" or 1st), follow toward increasing strain 
level (yellow-red-greén) , and locate the 2nd then the 
3rd, etc. Always remember the sequence for increasin•;¡ 

~- ~--s-~rai·n-: ·7el±ow-·red;....green~ye·l-low=red~gre~én ~- -. ·--:··- rr 
_the colors go green-red-yellow-green...:.red-yellow, then 
the strain is decreasing. In case doubt remains con­
cerning the·correct idenfification of the integr~l 
order fringes, us~ o~ the. MOdels 032 and/or 232 Com~ 
pensator (Section 3~4) provide a means for positive 
identification~ ' · 

If the fringes are ·observed as tightly grouped loops 
confined to a s~ngle area (such as wotild be found at a · 
notch or sometifues around boles), it means that the 
s.train varies ra~idly from one point to another tesulting 
in a stress concentration. On the other hand, a single 
uniform color may\cover a v~ry large portien of the test 
part, pr in the · ca·se of a t~ns;i.le specirnen ideally aligned, 
the e¿t~r~·surface bf the p~r~ will exhibit a ·salid colo~. 
This type of si tuation tells u,s t,hat ·the strain is be­
having uniformly ·over the.en~ire ~re~, neither increasing 
or.decreasing ·fr6m o~~ point ~o another. ·· 

- 22 -
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3.3 

In sumrnary, the stress distribution can easily be studied 
._by simply being able to recognize.fringes, their absolute 

order., and location wi th respect to one another on the 
structure or test part being analyzed. · 

MEASUREMENTS AT A POINT 

It has been shown that in the first step of measurement 
one is observing the whole area and assigning to every 
fringe its order (N= 1, 2,· 3, etc.}. At every point of 

.a fringe, N is then known and therefore: 

e: - e: = f X N X y 

In gene~al, the point of interest on the structure will 
fall between fringes, and it will be necessary to est- . 
. ablish "fractional order" or fraction of a fringe. The 
te'chÍ:lique U:'sed is called "compensation". Two basic 
me_thods are used: 

1) TARDY COMPENSATION using the rotatable analyzer 
built into the 031 Instrument • 

. 2) ABSOLUTE COMPENSATION or null balance, using 
Compensator Models 232 or 332. 

3. 3.1 TARDY COMPENSATION 

The Tqrdy Compensation is a_relatively fast and simple 
method. However, the method r~quires an experienced 
operator to be fool-proof, and if the rules that are 
giv~n below are not fóllowed exactly, serious mistakes 
are made. The principal of the method is shown on 
Figure 10~ 

WHEN THE POLARIZER AND ANALYZER ARE ALIGNED WITH THE 
DIRECTIOK.OF PRIN~_IPAL STRESSES, AND THE ;QUARTER-WAVE 
PLATES ARE AT 45° (''M' ..... ·-·P.QSl_TION), A ROTATION a OF THE 
ANALYZER WILL MOVE A .FRINGE.''P-Q....l\ POSITION WHERE THE 
FRACTlONAL ORDER IS __ a_ (TARDY COMP-~SATION). 

. 180 '• ~- . 
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OPERATIONAL PROCEDURE: HOW TO MEASURE FRACTIONAL .~ 
- FRINGE ORDERS USING TARDY METHOD 

' ' 

Prepare á cantilever beam test specimen (See Section 3.2). 
Load the beam with a 5 pound weight 1 and set-úp the in­
strument to observe the beam as pescribed previously. This 
specimen will now be used to ill~strate all the operational 
steps necessary to measure fractional fringe orders using 
·Tardy_Compen~atibn: 

. 
l. Switch the instrument to the "D" position by means 

of lever "B" (Plane Polarisce>pe·set-up). 

2. Unlock the knob "H" a:pd rota~e the :Polarizer-Analyzer 
Assembly until an iso~linic ~omes to the pointof 

-j mea~1,1remen t. As. expl~ined b~fore 1 the isoclinic 
is. a; black line·. or. ar~a 1 al!d. i t~ thickness depen~s 
only on the var1at1on :of d1r~ct1on. In the cantl­
lever beam experiment the ispclinic will cover the 
whole beam, since_d.;i..ljections 1 are uniform. 
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When step 3 is completed, the handle "H" is aligned 
with diredtion X of principal str~ss ox· The stress 
ay is perpendicular to it. The arrow A reads the 
Añgle S between the reference selected and direction 
x. 

NOTE: 90° rotation of polarizer will once again 
bring the isoclinic to the point. 

One can, therefore, choose either one of the prin­
cipal stresses as direction X. 

4. Once step 3 is completed, tighten the knob H. Switch 
the lever B to "M" position (CIRCULAR POLARISCOPE) .. 
Th~ isoclinic fringes are now eliminated, and a color~ 
ful pattern appears. Recognize fringes and assign 
to every fringe its arder. Trace with ·a grease pen­
cil fringes O, 1, 2, 3, etc. In ma~practical appli­
cations, the recognition of fringes is simple. Some­
ti~es the ~ompensator Model 032 or 232 should be 
used, as explained later. Choose on the cantilever 
beam a point between fringe 1 and 2. In most cases, 
the point will be between n (lo~er arder) and n + 1 
(higher arder). Mark the point by tracing a thin 
cross (+) directly on the plastic using a scriber 
or grease pencil~ 

S. Rotate the analyzer clockwise by means of knob C. 
The fringes w~ll move. Observe the motion of fringes 
careful¡y.- The clockwise rotation of the analyzer 
rotation is graduated on the scale O to 100. Rotate 
until a fringe arrives at the selected point· of 
measurement (red on one side, green on the other· 
side, see Figure 11). Read directly the fraction r 
as shown on the compensation scale {in hundreds of 
a fringe) . 

6. If lower arder fringe moves to the point ( fringe n) , 
the total reading·will be: 

... 

... 

N=~+ fraction] =[n + dand N> O 

If higher arder fringe moves tCI the point (fringe n + 1) 
the totaJ. reading will be:: 

N = - [ (n + 1)1 - fractionJ-,;--- [n .+ 1 - r]. and N < O 

- 25 -



.... 

t':rj 
H 
G) 

1~ N 
-0'1 

··1-' 
1-' 

1 
1 

l 

. 'ttl t':rj 1-3 
o ti lll 
1-'· 1-'· ti 

·::S ::S OJ 
rf"lQ "< 

CD 
n 

o o 
-ti E 
OJ 'O 
CD CD 
ti ::S 

Ul 
::S lll 

n-
:S: 1-'· 
o o 
0::: ·" ::S 
CD 
p. 

n-lt-t o o 
~ 
CD 
ti 

fringe 
order 

~·· 1 ~ .· ... < i· 
¡¡ - --r6· 

. il 

'• ~~': 
11 

green 
2 Nsot _q s4<a . ·. tint of pas¡page 

red !!· · · 

.~~·"' 

-.::;;;;.._ 

yellow 
·' 11 ·. 

gr~en 

blue i! _,__ __ 
tint of ·1 

pas,sage 
red 

), 

i' 
'1 

ye~low. 
,, 

li 
!,•, 

11 

1 

brdwn-blue · 
1
·
1 1 . 

·1 

. l~ 

'! 

c~lor 
change 

., 

. 11 

·1· .. 

1' 

11' ., 

,. 

" 

!1 

'· . , . 

,· 
j¡ 

1
' ' ''-~-··--- . . ------------·r·-

. . - .. 



In either case: 

.. 

- ay = Nf E 
l+~ 

(On the cantilever beam the "first" or lower 
arder. fringe n will move to the point .and 
therefore the total reading will be N = n + r 
a positive number.) 

NOTE: 

IT IS VERY IMPORTANT TO RECOGNIZE AND UNDERSTAND 
THE SIGN CONVENTION USED WHEN OBTAINING NORMAL 
INCIDENCE MEASUREMENTS AS DESCRIBED ABOVE. THE 
MOST IMPORTANT POINT TO REMEMBER IS THAT Ex IS. 
NOT NECESSARILY THE GREATER ~~INCIPAL STRAIN 
OR LARGER THAN Ey· . 

ACCORDING TO THE SIGN CONVENT¡ON ESTABLISHED, 
AFTER BRINGING AN ISOCLINIC Tq THE POINT OF 
INTEREST, THE HANDLE "H" IS D~FINED TO BE 
ALIGNED WITH Ex WITHOUT REGARq TO THE FACT 

. THAT Ex MAY NOT BE THE GREATE~ PRINCIPAL STRAIN. 
·REMEMBER IN NORMAL INCIDENCE READINGS, WE ARE 

PRIMARILY CONCERNED WITH THE E¡IGN OF THE 
DIFFERENCE OF Ex - E':l, AND NOT WHETHER Ex IS 
GREATER THAN Ey OR VICE-VERSA, THE SEPARATE 
VALUES AND SIGN OF THE INDIVI~UAL PRINCIPAL 
STRAINS Ex AND Ey WILL BE DISCUSSED UNDER 
OBLIQUE INCIDENCJf MEASUREMENTS IN SECTION 4. 

A typical example of fhe sign convention ~sed can be 
demonstrated with the cantilever be~m. Fii~t, align 
the handle "H" with the long axis o~ the beam~ Now 
rota te the compensa ter in a clo~~wise direction ·,and 
bring the lower ord~r fringe to ~he point.. (Wi th our 
set-up, we will observe th~ lst ~ringe moving to the 
point.) Since we already know t~at Ox is the long­
itudinal stress at the point (crx ~s ~ensile) and the 
transverse stress is zero, we wi/;1 r~ad (crx - cry) or 
(crx - O), a positive number. Npr,.,r if we rotate handle 
"H" 90° so that it is perpendi~7=u:J,ar to the beam, and 
if we again rotate the compen~~t9r clockwise, the 

.· higher otder or 2nd fringe wi~l.move towards the 
point .. In this situation, w~ ar~ reading (crx - cry) or 

· .. (O - ay), a negative number. · Obviously, both measure­
ments have the same magnj.tude but; opposite sign. 
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To suinmarize, the procedure for measuring the difference 
of the principal strains at a point by ·the Tardy Compen-
sation Method follows: 

l. Trace a cross at the point or identify the point 
by sorne other means, or to the direction of the stress. 

2. Determine the position of fringes n and n + 1 
around the point~ 

3. Bring a isoclinic to the point and establish Ex 
as being parallel to the position of the handle 
"H". Read the direction S (in degrees) of Ex 
to the selected reference. 

4. Rotate the compensator ~lockwise to bring a 
fringe to the point and read the fraction "r" 
on the scale. 

S. If the lower order fringe (n) moves toward the. 
point, the total reading will.be: 

N = n + .r (positive) 

If the higher order fringe (n + 1) moves toward 
the point, the total reading will be: 

· and 

E: -X E:y = N X f 

3; 3. 3 MEASUREMENTS IN UNIAXIAL STRESS FIELD ANO ANALYSIS OF 
THE PRINCIPAL STRESS ACTING TANGENT TO A POINT ALONG 
A FREE BOUNDARY USING TARDY COMPENSATION 

' .. 

T~e sign and magnitude of the principal stre~ses in 
.uniaxial field and also at a free edge or boundary 
can be determined directly under normal incidence since 
one of fh~ stresses acting is zero. 

The procedure is as follows: 

l. 

2. 
3 o 

Bring an isoclinic to the point of interest. The 
handle "H" must then be parallel to the boundary 
a'!:: the point. 
Move knob "B" back to the "M" position. 
Identify fringes (n) and (n + ·1) on either side 
of the poin t. 
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3.4 

4. Rotate the compensator in a c,lockwise direction. 
If the lower fringe order (n) moves toward the 
point of measurement,· the sign_ of the stress is 
positive and the total reading will be N = n + r. 
If the higher order fringe (n + 1) moves toward 
the point, the sign of the stress is negative and 
the total reading will be N~- ((ri + 1) - r]. 
In either case~ the stress will be: 

ax = Nf ~ 
l+J..I 

(+. tension 
(- compression) 

Remember, direct measurement o:& the individual 
principal stresses in biaxial ~tate of stresses 
can orily be obtained by the ad4ition of obligue 

. incidence measurements (See Seytion 4). 

ABSOLUTE COMPENSATION - MEASUREMENTS USING NULL 
BALANCE METHOD 

The principal of Null 
Balance Method is con­
siderably simpler, than 
the Tardy Method. To 
measure a photoelastic 
signal at a point, we 
simply add to the light 
path an identical cali­
brated signal equal in 
~ize but o~posite in 
sign (Se~ Figure 12). 
By doing this, the 
photoelastic signal 
at the point is com­
pletely cancelled to 
read zero. This method 

Null Balance· 

B 
. Measured (N) _ --'- - f01. t!/ lli;;;;. 

SignallO ~-- U2r -u·· 
- - - COMPENSATOR . · ---::----='7"iJ-o 

Signal A · A 
~ ·~· T 

--------------~ 

(FIGURE 12 1 
completely eliminates the need to recognize fringes or 
assign orders. When the calibrated compensator adds 
the opposite sign equal signal, the total is zero, and 
BLACK is restored at the point. 
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3 .• 4.1 LINEAR COMPENSATOR, MODEL 032 

The Compensator Model 032 .consist of a wedge sliding 
in ~ fixed frame which is attached tb the instrument 
as shown on·Figure 13. The fráme contains a.window 
through which the part is observed. As the compen­
sator s1ides in its frame, the fringes move on the 
specimen and numbers appeár in the.window. From a 

· ca1ibration chart (Figure 14), the signal N that the 
compensator adds is estab1ished. Since every point 
of the compensator exhibits a different N (N is. .·. 
varying 1inear1y from one end to another) a "para11ax" 
effect exists arid for this reason, the 1inear~com­
pensator is used mostly for identif{cation of iringes 
on1y as· an auxi1iary too1 · to the Tardy .Method. · 

MODEL 032 
LINEA:B, COMPENSATOR 

'CALIBRATION CHART 

. ·~ '· * , .. '..;. .so 1 
... ,., . .,.. ... *.l:'lto. 

"""--··-' --.!;... 1 ~ ~ • -. ..*! ~~ 
'.,. .. • 1 

l. 20 2 

l. 90 3 

2.60 4 

lFIGURE 1{} 

l FIGURE 131 
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To use the Linear Compensatoi for identifying an un­
known fringe arder ata point, proceed as follows: 

l. Engage the compensator in its mount provided 
on the analyzer frame (See Figure 13). 

2. Determine the direction of the principal 
strains at the point of interest.a~ des~ribed 
in Section 2, Part 2.1. 

3. After bringing the is6clinic to the point, 
lock the handle "H" in posi tion and move the 
knob "B" back to the "M" (magnitude) position. 
Note that the handle now is aligned with x 
direction and the compensator with y direction. 

4. Now observe the fringe at the point through 
· the normal field of view. Next, observe the 
point through the compensator opening, and 
push the compensator in its slide (from right 
to left) until a black fringe appears at or 
near the point. Read the scale on the com­
pensator and establish N from the compensator 
calibration chart. 

5. The ~ompensator fringes are positive. If 
ax - a is also positive, the compensator 
will add instead of subtract and no balance 
is possible.' In this case, turn the bandle 
"H" 90°, and repeat operation. Note that 
compensat~r will perform only when: 

3. 4. 2 : UNIFORM FIELD COMPENSATOR, MODEL 232 

.The basic principal of the compensation is the same as 
described above, e.g. NULL BALANCE Method. The uniform 
field of the Model 232 Compensator eliminates parallax 
errors and provides better resolution than other com­
pensation methods: 

-It eliminates the need of recognizing fringes as 
in the TARDY Hethod . 

-rt eliminates parallax errors 
-It provides a numerical réadout on a counter, from 
which the total readi~g N is determined, eliminat­
ing all possiETe mistakes of other methods. 
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To measure N using the Mode1 232 Compensator, proceed 
as fo11ows: 

1) 

2) 

3) 

Attach the compensator 
to the po1ariscope on 
mount provided and 
tighten the attach­
ment knob (See Figure 
15). Make sure the 
ana1yzer ring is set 
on zero on the frac­
tiona1 arder scal~. 
Switch the 1ever "B" 

. to "D"' posi tion. Re-
1ease the knob "H" 
and rotate the po1ar­
izer-ana1yzer assemb1y 
until an isoc1inic 
crosses the poin t f: , .. .:l~;t+:<:~f:;1; . 
where the measurement iE t 

1
·J1 ''• ''~:{l . . ····t I;Jf ... ,..,!ll!D~~ 

!~t~~a~~~:a~. th~h~ir- .. ~~i.~·,;,.t;;: ' ·,.·~"··,,,....~ 
hand1e~IIH'L pe"ints .. now·~ -~;'ilí!l~~ ... ::::--::·;p,. 

~t--itn#é'¡~,~~·~ 
in x direction (ax) 
and the long axis of 
the compensator is in 
y direction. 
Switch the 1ev~r "B" back 
are now e1iminated 
and co1ors are seen. 
Looking through the 
·c~ompensa ter ·wina.ow·~ 
onto the part, ob­
serve the pattern. 
Turn the knob to­
wards you, driving 
the compensator, 
and observe the 
fringes moving. Con­
tinue turning unti1 
a b1ack fringe covers 
the point of measure­
ment. The ·"Nu11 
Balance" is achieved 
and the N of compen­
sator is equa1 and 
oppd·s.i te si gn to N 
on the specimen (See 
Figure 16). 
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' '4) Read the counter. 
·From the calibration 
chart read N (See 
Figure 17). Since 
the sign of compen­
sator and part are 
opposite, we _have: 

- Nf 

N~ 
1+\..l 

4 

3 

2 

l 

o 

Remember that the compensator fringes are positive, 
a~d if Ex.- Ey is al'so positive, the compensator. · 
w1ll add 1nstead of subtract, and NULL BALANCE w1ll 
not be possiblé. In this case, turn the handle "H" 
90° and repeat the operation. 

EXAMPLE: Set the cantilever beam up for arialysis 
as previously described and align the 
handle 11 H11 parallel to the_long axis 
of the beam. In this positiori Ex - E 
will be a positive number. Next, loa~ 
the beam and observe the fringe pattern 
(ata selected point) through ~he.normal 
field of view. Now, rotate the compen­
sator knob until· another frin~e crosses 
the point. The pattern through the 
compensator will now be observed as one 

· fringe arder higher than that observed 
with.out 'the compensator. Next, rotate 
the handle 11 H" (counter-clocktvise) so 
its position will be perpendicular to 
the beam (E - E: will now be a nega­
tive numberf. NÓw, by rotating the 
compensator knob and viewing the same 
point through it, a black fringe will 
be observed moving toward the point. · 
Thus, in the first ·c~se, we added fringes 
to the initial pattern, and in the latter 
case, we subtracted frinoes from the in-
itial pattern. -
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NOTE: 

1. As the counter reading is increasing, N in com­
pensation increases. 

Looking ata point where (ox- oy) > O, we will be 
adding N and the sequence of the colors will be: 

Yellow-Red-Green-Yellow . 

Looking at a point where ox - 6y < O, the se­
quence of colors will be: 

Y~llow-Green~~ed-íellow-Black 

2. The resolution of the Model 232 Compensator is 
approximately 1/50 of a fringe (± 1 digit). 

3. The 232 can also be used in conjunction with 
the Tardy Method to improve the resolution of 
Ehe Tardy Method in difficult to read areas. 
In case of N < 1, set the 232 Compensato~ on 
N = l. It will than add 1 frinqe to the _fi~ld_ 
and improve the resolution. · ·- - · 

----==-=---·~ ~===-'-~- -'K-~ '=-- -==="=-.-~~~~=-..-=..,_-===r==-- ~~- -~-----~=-~==-~-='-.-~ ~ -= 

The newest compensator developed by Photolastic (Model 
332) provides a direct digital readout of the strain in 
micro-inches per inch when the NULL BALANCE is achieved 
at the point of measurement (See Figure 18). This unit 
is also available with a printer system (Model 432) 
which "prints out" the Poin.t Nurnber (2 digits). Strain 
direction angle (2 digits), and the strain magnitude 
L4 digLtRL ~ ~~- ~-~-·~~e -~ -~ ~- -~ 

•• ;"' ! .~ .. ,....,. • ~ • • •• 

ft~"'~~. r-~;:z~·''l\,irl."'f...>¡líf&{.~ 
.'1 .• . -.--~~~ •• -~·~¡ :. ~ --!· 1. . ~ 

,._,,.,.,.., •. '':"''""·,• 1> , ·'.,_.~ •:r ~-;;'' '" >' • 'o·,~ • .',¡.,.¡', ': ·t-"~21' ' . 
.'~!.·:.~··~~~_,.,,.. ._ ;-:.¡;i1' l'H!ioi$»1 _______ .....,. 

.1 FIGURE 181 
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SECTION 4 

MEASUREMENTS IN OBLIQUE INCIDENCE 

4.0 INTRODUCTION 

In the previous sections covered in'this manual, it has 
been shown how to obtain the magnitude of the difference 
of principal strains and their directioris ~ith respect 
to sorne reference axis using normal incidence light. 

In certain cases, however~ a more complete analysis 
is required that necessitates separation of the two 
principal strains~. and obtaining the individual valu~s 
of each. To accomplish this a second reading is re­
quired, and that reading must be taken with oblique 
incidence light. 

By oblique incidence, we mean that the light from the 
polarizer traverses the photoelastic c0ating at an 
angle and the birefringence meásured depends on the 
secondary principal strain in the plane perpendicular 
to the light path. Thus, an oblique incidence reading 
combined with a normal incidence reading provides us 
with the necessary information for determining the 
separate values and directions of the principal strains 
E:x and Ey~ 

4.l .. DESCRIPTION OF OBLIQUE INCIDENCE ADAPTER MODEL 033 AND 
.ASSEMBLY TO BASIC ANALYZER 

The Oblique Incidence Adapter for use with the Photolastic 
Analyzer has a fixed mirror angle which provides for 
simplified data reduction. 

In addition, the unit's special design permits accessability 
in corners and fillets of the test part where separation 
of the principal strains is most desirable. The unit 
also telescopes for varying point to instrument distance. 
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It is easily attached to the analyzer by a simple 
locking device as shown in Figure 19. 

[FIGURE 19l 

.. ~~~ 4. 2 BASIC EQUATIONS 

Figure 20 shows the path of light emerging from th~ 
polarizer, reflected by the oblique incidence mirror, 
traversing the photoelastic coating, r~flected back · 
to the mirror, and finally b?ck to the analyzer. By 
r,eferring to detail A of Figure 20, we can see that 
there is an angle e\between the normal of the surface 
of the test piece and the light ráy. Thus, the measured 
fringe order at this point will depend on the angle e, 
and on the strains existing at the point as expressed 
by the formula: \ 

1 N6 = - (AE - B~ ) 
f X •. Y 

If angle· E! is small, then A =. B = .;L, and the equation 
reduces to that used for no_rmal ihcidenc~ measurements: 

1 ' 
Nnormal = f (Ex - Ey) 
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When two readings are obtained, one in normal incidence 
and the other in oblique incidence, the values of the 
two principal strains are given by: 

Where the numerical values of 1, 1.5, and 2 are co­
efficients derived from th~ development of equations 
for oblique incidence measurements (See Technical · 
Paper "New Oblique Incidence Method for Dire.ct 
Photoelastic Measurement of Principal Strains" by S. 
s. Redner, "Exper.fmental Mechanics", March 1963). 

The preceeding formula utilizing the coefficients 1, 
1.5 and 2 is accurate for most of the commonly used 
photoelastLc coatings which have a Poisson's Ratio 
of approximately .36. However, for sorne plastics, 
such as high. elon~ation coatings, the Poisson's Ratio 
will be slightly different and correc'tion factors will 
have to be applied for more precise results. 

Por this purpose, we will rewrite the equations to 
read: 

Ex = f (eNe - DNnormal) 

Ey = f (eNe -.ENnormal) 

where e, p_, __ ~n.<l ~E rep]:'e.s~en.t~_the coeff icienes-for·photo·­
eraSficco-afings that have a Poisson' s Ratio different 
from most ordinary.applications. Most of the avail­
able photoelastic plastics ~ave a Poisson's Ratio be­
tween the limits of 0.34 and 0.50, and the graph shown 
in Figure 21, gives the nume~ical substitution for e, 
D, and E in the formula over ·these limi ts.. However, 
as previously mentioned, unde( most circumstances the 
photoelastic coating used wil~ ~9re than.likely have 
a (~) value close to .36, and the baste eguation for 
determing the value!S of Ex and. Ey will be '·valid. 

;· 

Once the principal strains hav~ been determ~ned, the 
principal stresses can be fo~n~ byt 

{¿ 1 

ox E 
--~ (Ex ;¡¡.. 

f.~ 

:¡ 
'·· 

E (E y rl-

where E and ~ are the modulus 9f ela,ticity and Poisson's 
Ratio of the test piece. 
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approximately . 36, and the coefficients C, D, 
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4.3 MEASUREMENTS 

The basic difference between the technique of measure­
ments in normal and oblique incidence is that-with 
oblique incidence the axis. of polarizar and analyzer 
must be maintained as follows: · 

1) parallel to the axis of symmetry of the mirrors 
of the oblique incidence adapter 

2) parallel to the directions of the principal 
strains at the point of measurement 

To satisfy the first condi tion, the handle "H" must al­
ways be maintained in the vertical position (direction 
reading on dial= 0°)~ The second condition, align­
ment of the polarizer-analyzer assembly with the dir­
ections of the principal strains,. is accomplished by 
rotating the whole instrument in its own plane until 
an isoclinic appears at the point of measurement. 

With the above two conditions defined, we can now proceed 
with making oblique incidence measurements according to. 
the following step by step proqedure: 

l. Check the cleanlinEfSS of t;he oblique incidence 
adapter mirrors and attach to the basic analyzer. 

2. Rotate the polarizer-anal,.yzer assembly by means 
of handle "H" so that the;; arrow indicating dir­
ection reads 0° on the dial. 

3. Bwitch on the light sou;ce and obsérve the test 
part in normal incidenc~. Mark with a grease 
pencil the points of interest at which oblique 
incidence measurements are to be made, and assign 
identification marks to each point. 

4. Rotate knob "B" to the "D" direction position. 
5. Now rotate the whole instrument in its plane 

until an isoclinic appears at the marked point. 
The axes of polarizer and analyzer will now be 
parallel to the direction of the principal 
strains at the cbnsidered point. (Note: These 
axes will also be identical to the axes of sym­
metry of the instrument.) In the case of the 
cantilever beam, the set-up will be as shown 
in F.·igure 22. 
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When step 5 has been cqmpleted, the handlé "H" will 
be parallel to one of the principal str~in~ (Ex). 
Next rotate knob "B" ba~k to the "M" (magnibude) 
position and oqtain a reyading in normal incidence 
at the selecteq point b~ either the Tardy Com­
pensation· Method or Nul~ Balance principal as 
explained in Section 3 ~ \ 
Without changing the rm~ational position of the 
instr~ment, ad]ust the gblique incidence adapter 
so th~t the pointer loc.ted between and in front 
of the mirrors almost t9uches the point of measure­
ment. Now, observe tl¡.e :~ point through the mirrors 
and measure the fringe prder in the exact same way 
as for normal incidenc~ (the same rule for deter-
mination of the sign aijplies). · 
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NOTE 1: 

The determination of the va1ue N and its sign is 
s1ight1y more difficu1t under ob1ique incidence 
since the observed area is considerab1y sma11er. 
Continued practice on the canti1ever beam wi11 
aid in making oblique incidence measurements 
on more complicated parts. The use of the 
digital compensator and Null Balance principle 
for determing N in ob1ique incidence is by far 
th~ most positive method to use and is strongly 
recommended. 

8. Once the readings in normal incidence Nn and 
in oblique incidence Ne have been obtained, the 
principal strain values can be calculated by the 
following formulas: 

where Ex 

E y 
f 

Ex = f {l.SN8 - Nn) 

EY = f {l.SN 8 - 2Nn) 

is the 
"Hu 
is.the 
is the 
in ches 

stráin in the direction of handle 

strain perpendicular to handle 11 H" 
fringe value expressed in micro­
per inch per fringe 

Nn and Ne are the fringe orders measured in normal 
and oblique incidence. 

The principal stresses can be found in the elastic 
range by: 

= 

= 

E 
l-¡.¡2 

E 
l-¡.¡2 

{e:x + ¡.¡e:y) 

{Ey + J.lEx) 

where E and ¡.¡ = moóulus of elasticity and Poisson's 
Ratio of the t~st part. 

For steel where E = 30 x 10 6 psi, and ¡.¡ = 0.30, the 
equations reduce to: 

ax = 66.0 f {N 8 - 0.82 Nn) 
} in psi 

ay = 66.0 f {N 8 - 1.18 Nn) 
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For ah,1minum where E = 10 x 106 psi, ·and IJ = O. 33, 
the equations reduqe to: 

ax = 22.4 f (Ne - .83 Nn) 

ay= 22.4 f (N 6 - 1.17 Nn) 

4.4 USE OF NOMOGRAPH 

} in psi 

A.rapid numerica1 so1ution of the equations: 

ex = f {1;5N 6 - Nn) 

ey - f (1.5N 6 - 2Nn) 

may be obtained by using a nomograph (Figure 23). In 
order to obtain the best reso1ution two sca1es are 
provided. ·use of the nomograph simp1y invo1ves draw­
ing a straight 1ine connecting the Nn and Ne readings. 
The intersection of this 1ine with the ex and ey sca1es 
wil1 give a rtumber which mu1tip1ied by the fringe va1ue 
(f) · gives the stra·ins di~rect1y ~-~-

Note: On the nomograph, if 

o < N e, Nn < 1.5 use 1eft sca1es 

1.5 < N 6' Nn < 3.5 use right sca1es 

3.5 < Ne, . Nn <~15 use 1eft scales~-· 

IM20RTANT: When using the nomograph, be carefu1 to 
watch sign of N6 and Nn whether positive 
or negative. 
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SECTION 5 

CORRECTION FACTORS 

5.0 INTRODUCTION 

If the photoelastic coating exhibits an initial color 
pattern.prior to loading (Parasitic Birefringence), a 

· correction must be made in all subsequent readings 
taken during the test. Also, when a part il:? coated 
with a layer of photoelastic plastic and is subjected 
to load, the plastic coating carries a fraction of the 
load, and the strain on the part is thereby reduced. 
In most cases, the reinforcing effect of the co~ting 
on the test oart is neqliqible. (As on structural 
parts like I, H, U, tubular and other beam members,. 
thick walled parts, castings, etc.) However, in the 
case of plane stress problerns and plates ~ubjected to 
bending, a correction in the reading is required so 
tha t· the- experirnen tal ~resurts -~can be gl ven in terms of 
the uncoated part. 

In other cases, when the ternperature is changing during 
a test, a system of stresses will dev~lop in the photo­
elastic coating due to the difference in the coefficient 
of thermal expansion between the test.part and coating. 
If this happens, a correction factor must also be used 
~t.9 _ c;ompen.s.a_te for the· e.ffect of~ tempera·ture chan,ge on · 
the readings. 

5.1 METHOD OF CORRECTION FOR PARASiTIC BIREFRINGENCE 

Under normal circumstances, residual birefringence in 
the coating can. only be produced by severe mishandling 
of the plastic during or after application, and in such 
cases, it is usually more convenient to strip off the 
coating and apply a new one, rather than attempting to 
make corrections for the existing residual stresses. 

It is necessary, however, to point our a few cases where 
residual birefringence will unavoidably occur and where 
readi~g~ will have to be ma4e by applying the formulas 
given on· page 47. 
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A.) RESIDUAL BIREFRINGENCE DUETO THE TEST TEMPERATURE 
VARYING FROM THE BONDING TEMPERATURE. 
This parasitic birefringénce due to temperature 
will generally occur around the edges of the plastic 
and will extend inside the coating by· as much as 
five times the thickness of the coating. 

B.' PARASITIC BIREFRINGENCE DUETO CONTRACTION OF THE 
CEMENT 
Sometimes the cement is not fully 
ing a month or so it may continue 
slightly, and therefore contract. 
also produce birefringence around 
plastic. 

polymerized; dur­
to polymerize 
This effect will 

the edges of the 

C.) EDGES NOT PROTECTED AGAINST HUMIDITY 
If the edges of plastic are not prótected against 
humidity with a layer of cement, sorne moisture may 

_be absorbed through the machined edges of the plastic 
and produce a swelling, which in turn will produce 
parasitic birefringence around the edges of the 
plastic, similar tocases (A) and (B). 

For cases (A) , (B) , and (C) , since birefringence is 
located around the edges of the plastic and since a free 
boundary is an isostatic, the. procedure for correcting 
for parasitic birefringence consists simply of subtract­
ing the reading under no load from the reading under load. 
It i~ assumed here that the shape of the plastic matches 
the free boundaries of the part. 

There are cases where permanent birefringence will occur 
due to ~ishandling of the plastic or to yielding of the 
part after it has been 6oated. In these cases, the dir­
ection~ of principal strains of the parasitic birefringence 
may not necessarily coincide with the directions of prin-. 
cipal strains due to load; hence, simple·subtraction is 
not permissible. It is important to underline that sub­
traction of the two states of stress is only permissiOie 
~hen the directions of the principal stresses coincide 
for both states of stress. If they do not, the formulas 
outlined below must be used. In order to determine if 
the directions of the re'sidual birefringence does or does 
not coincide with the directions unde~ load, proceed as 
follows; 

a) Trace or observe the isoclinics of the parasitic 
birefringence. (No load applied). 
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b) Load the part and observe the isoclinics once again. 

(!.) 

If the isoclinics under load and under no load con­
ditions are identical (they do not move when load 
is applied), both states of stress (parasitic and 
due to load) can be subtracted one from the other. 
In case these i soclinics do move., use formulas ( 1) 
and (2) below~ · 

N = .¡N 2 + N.2 
e . f l. 

whe're: 

(2) 

is the corrected fringe arder due to the applied 
loa,d only 

is the fringe arder measured due to a combination 
of applied load and initial birefringence 

is the fringe order measured for no load (para-
sitie fringe order) . .. 

is 'the principal s-tress rbtation'when going from 
- ~the ·unioad~-to~~the lo-"Cfded · c-oñd1~tiort;-it-·Ys the 

change in the isoclinic parameters 

The angle e of the correct isoclinic parameter 
due to load alone expressed by Formula (2). 

tan 2 e = Nf sin·2 ef- Ni sin 2 ei 

~~·Nf~COS -2~ef---Ni~eos 2 -e·i 

e is the measured angle between the majar principal 
stress a, and the reference direction X (see Figure 
24). 

When Nc is found from Formula (1), it is. then multiplied 
by the fringe constant and the correct value of the prin­
cipal strain dif~erence is obtained. 

Figure 25. shows an example of how a plot of load versus 
birefringence reading may look in case parasitic bire~ 
fringence directions are not aligned with applied prin­
cipal stress directions. To obtain correct values from 
such a~plot, one may be justified for all practical 
purposes, in extrapolating the linear part of the curve. 
Obviously, if the magnitude of the parasitic birefringence 
is very high and if the misalignment is large, load-versus­
reading plot will never have a linear part, and extra­
polation will not be possible. In such a case the use 
o( Formula (1) will salve the problem. 
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1 FIGURE 241 
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f ~ final state of stress 
i - initial state of 

stress 
no subscript-státe of 
stress due to load 

Elastic Range of Deform~tion 

1 Extrapolate linear part of curve to ob­
tain correct strain value due to a given 
load incr'ement . 

[FIGURE 251 
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EXAMPLE: Fringe order of parasitic birefringence 
Ni = 1.37 
Fringe order of birefringence measured 
when part is loaded Nc = 3.42 
Change in isoclinic parameter, or 8f-8i = 
15° (8f= 45°& .Si = 30°) 

The correct fringe order due to load is: 

N = 1 3.422 + 1.372 - 2 x 3.42 x 1.37 x cos(2xl5) = 2 · 33 

If the readings Nf and Ni were subtracted directly, Nc · 
w.ould be 2.05 and ·a 10% error would be introduced. 

To obtain the isoclinic parameter (8) with respect to. 
a reference axis, X (Figure 23), Formula (2) is used: 
for the exarnple cited, one would find 

~tan 28 ~ 3.42 ~ ~.37 x .867 = _ 3 _26 
~ ~- ~ ~O ~ ~ L 3 7 ~-X~ • ~- ~ 

Remember that tan 28 =tan (28 ~ 180). Therefore, 
there are·two solutions for e: 81 = -36.5° 'and 82 = 
+53.5°. Qne of them corresponds to a1 and the other 
to a2 •. 

In the case ~f plane stress problems where the bending 
action is ne~ligible (such as pressure vessels, plates 
and panels 16aded in their plane), there is sorne re­
inforcirig ef~ect a¡~hough it is very small. In these 
situation~ t~e coriection factor C1 by which the initial · 
readings shopld be ~ivided to obtain the corrected strain 
value is: ' 

1 -+ t plastic X E plastic 
t s t:ifucture X E s tructure 

where t = t~ickne~s of t~e plastic and test part 
E= mopulus;of ela~ticity of the plastic and test 

pa,rt. 
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In Figure 26 the correction factor el can be directly 
picked off the chart for various rnaterials with respect 
to the thickness of the test part and the coating. 

5.3 CORRECTION FACTORS FOR COATED PLATES SUBJECTED TO BENDING 

When thin bearns or plates are subjected to bending, the 
plastic coating reinforces the part and the rneasured strain 
rnu.st be corrected for this reinforcing effect. The correct­
ion factor C2 applied rnust take into consideration three 
different effects as follows: 

a} The neutral axis of the coated structure shifts. 
b) The coating~increases the stiffness of the plate. 
e) The reading is an average strain through the coat­

ing thickness, and corresponds to the rniddle plane 
of the coating, which is located further frorn the 
neutral plane than the surface of the structure. 

All of the above effects were taken into consideration 
when the correction factor chart (Figure ·2 6) was con­
structed. Thus C2 (corr~~~ion factor for bending) can 
also be picked off the e'h"rt and the corrected. strain 
reading can be obtained as follows: 

Enter the ratio th~ckness of coating on the horizontal 
th1ckness of structure 

axis of the chart, and read the correction factor C2 for 
the considered type of structure on the vertical axis. 

Once the correction is known, we have: 

It is easily seen that uncorre9ted readings will usually 
be too high (C2 larger than 1) r Consequently, during 
the selection of the plastic, the thickness should be 
calculated to put c2 in one of. the follow'ing ranges: 
·(Figure 26) 

Area A: thickness of pla$tic srnall in cornparison 
to the str~cture 

Area B: correction c2 reaches rnaximurn and higher 
sensitivity is obtained. 
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Area C: the correction factor is 1 and the se1ect­
ion is most usefu1 in cases of very thin 
p1ates, and in cases where there is a com­
binat:'ion of p1ane stress and bending. 

Area D: where the ratio of p1ane stress ~o bending 
is unknown, th¿ p1astic shou1d be se1écted 
so that the correction factor is the same 
for both cases. 

Typica1 Cases 

'Examp1e 1: Thin member in bending 

Consider the a1uminum canti1ever beam described in 
the examp1e of measurements 1/8" thick, 1" wide, 
and coated with 1/8" thick p1astic. 

Here: t structure = .125" 

t p1astic = .125" 

and the ratio: tp = l. O 

ts 

We read from the chart on the curve for a1uminum: 
C2 = 1.25. Suppos~ the reading at the point is N = 
1.40 fringes and the fringe va1ue f of the p1astic 
is 725 ~in/in/fringe. The correc~~d resu1ts are: 

N X f 
e = 1.40 X 725 

1.25 = ~10 ~in/in 

Example 2: Biaxia1 stress fie1d 

A very 1arge diameter cy1indrica1 erive1ope forming a 
pressure vessel .i_s subjected to inter·pa1 pressure. 
The state of str~ss is very near1y a ~lane stress 
condition and the correction factor is ·then given 
by the dotted lines of Figure 26. 

Assuming: t p1astic = 0.125 

t stee1 = 0.625 

t p1astic = 0.20 
t stee1 
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From the chart the correctio.n factor e 2 = l. Thus 
the reinforcing effect is negligible and can be 
disregarded. 

Example 3 

In a test the state of stress in a thin aluminum 
membrane is to be determined (combination of mem­
brane stress and bending). The thickness of the 
pla te is . O 6 O". live wish to select the plas tic 
thickness to obtain e = 1 (no corrections to be 
considered) . 

t metal = .060 

For e= 1 we have for aluminum ·~ = 1.6 
t 

m 

tp = tm x 1.6 - .096" 

When the temperature is changing during a test, a system 
of stresses will develop in the plastic due to the diff­
erence in coefficient of l~near expansions between the 
structure and plastic. Th~ treatment of the the~mal 
stress problem has been fully discussed in a recent 

· paper*. In a practical application the following pro-
~-o~-~ ~--~- ~- _ -~ ~- _C§Q.'-!_~~~.:i,_s~ E.tlgges ted: . 

- --- ---- -- ---- ~~ ~ ~ -- =- ~---==' ----- - ---~~ ~ ~ ~~ -~ -~ - -·~ ~- -= ~- ~ --- -· 

A) In regions not located on boundaries (distance 
from edges of the plastlc is greater ~han four 
(4) ·times the plastic thickn~ss), normal incidence 
reading is not affected by the change 'of temper­
ature, and the pattern observed is di~ectly due 
to the thermal stresses to be measure~. 

1 

In obligue incidence a '.1 zero shift" w;ill resul t 
due to change of temperh ture only. T,his JI zero 
shift JI is proportional t:o temperatur~~ and is 
given by: 

N = ~ 1 + ~ sin2e (a , .,... ac) LIT = 
TQ f 1 - ~ cose s 

.. *~Photoelastic eoating Analysi' in Therm~l Fields" by F. 
Zandman, S. Redner, and D. Post. 

' 
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Where: NTo 

6 
liT 

fringes observed, due to the change 
of temperature only. 
Poisson's Ratio of plastic 
Differential coefficient of thermal 
expansion between structure and coat­
ing. 
Angle of obiique incidence 
Change of temperature 

Then, if Nmo is the measured fringe order in ob­
lique incidence, the corrected value is given by: 

No = .Nmo - NTo 

B) On the edges 

The oblique incidence readings are not required on 
edges. In riormal incidence however, fringes will 
appear on the edges due to a chang~ ln te~perature. 
Th~ most convenient procedure for analysis in this 
case is to prepare a dummy specimen not subjected 
to the same stresses in the part, but to the same 
changes of temperature as the investigated part, 
and then to take comparative readings. (Comparing 
the total fringe order on the coated part with that 
of the dummys) .. The same dummy specimen may also 
be used for oblique incidenqe zero shift measure­
ments, as descr~bed above. In many cases the part 
itself will be used as a dummy and af·ter the change 
in temperature, new 11 Zero" ~eadings can be obtained 
on the edges. 

Example 4: 

The temperature is rising from 72°F to 2l2°F. Using 
PS-2, .080" thi~k plastic on aluminum, what is the 
"zero 11 shif~ in oblique incidence? 

We have: liT - 212 - 7~ = 140°F_ 

f = 1170 ~injin/fringe 

NTo = ~ x 24 x 140 = 1.9 :fringes 
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The sarne rnay be established on a dummy specimen. 
Continuing: If NT is due to ternperature only 
(as established on the dummy) and Nrn is the 
rneasured fringe order, the corrected result is: 
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SECTION 6 

CALIBRATIQN OF PLASTICS 

6. O INTRODUCTION 

If the K f~ctor on a sheet of photoe1astic p1astic is 
not given by the manufacturer, or if the coating has 
been made from 1iquid plastic, it wi11 be necessary to 
experimental1y determine the K factor so that th~ fringe 
va1ue f of the p~astic can be computed. 

6.1 USE'OF THE CALIBRATOR MODEL 010 

The Ca1ibrator Mode1 010 is a precision instrument pro-· 
viding an accurate means of determining the strain­
optica1 coefficient K, and the sensitivity of the photo­
e1astic p1astic. · If used exact1y in accordance with the 
instructions contained in Photo1astic, Inc. Bu11etin 
IB-I-100, the K factor wi11 be measured within ± .001. 

6.2 CALIBRATION OF PLASTIC USING A CANTILEVER BEAM 

The canti1ever beam provides a very re1iab1e way to cali­
brate.the plastic. Suppose an aluminum beam 1/4" thick 
and 1" wide is set up as described in $ection 3. The·smal1 
strip of plastic,approximately 3" x 1" to be ca1ibrated, 
is ·bonded to the beam, its center (point of our measure­
ments) located 6" from the loaded end. With no load on 
the beam, the reading at the point i~ ~ero. After a 20 lb. 
weight is app1ied, the reading is N = l. 54 fringes. In 
o:tder to establish the "f" and "k" of the p1astic, first 
the stress on,the uncoated beam is ca1culated: 

The stress is: o 
6PL 

= bh2 = 
6 X 20 lbs. X 6" 

1" X (1/4) 2 
= 11,500 psi 

The differénce of principal strains on the surface of 
uncoated beam is: 

= 1 + ~ (ox - oy) 
E 
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In the midd1e p1ane of the p1astic the strains are: 

(EX - Ey) p1astic = (EX - Ey) ·Uncoated Structures X C2 

from chart:. (Ex: t = 0.080 p 

( tp = . 3 2) 
ts 

and 

t 5 = 0.250) 

'-x- EY) p1astic = 1490 x 1.21 = 1800 ~in/in 

The fringe va1ue f = (Ex - Ey) p1astic = 
N 

and the "K" factor is: 

11.35 
K=rx--r= 
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.Q8Q X 1170 = 

1800 
1.54 

. 122 

= 1170 \Jin/in. 
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SECTION 7 

DESCRIPTION AND USE OF ACCESSORÍES 

7.0 INTRODUCTION 

The Basic Photolastic ]\.nalyz'er is designed to accept a 
wide variety of accessoiies avai1able to increase its 
usefu1ness. This makes it a tru1y one instrurnent sys­
tem that perrnits any photoe1astic coating-task to be 
accurate1y perforrned. The complete line of accessories 
and their description and use fol1ows. 

7.1 TELEBICROSCOPE ATTACHMENT MODEL 037 AND 137 

The Te1ernicroscope attachrnent constitutes a new develop­
rnent for fie1d and 1aboratory ana1ysis. Taking advantage 
of the basic ana1yzer's existing optica1 systern, it 
sirnp1y rnounts on the tripod, and provides_high magnifi­
cation which a11ows ana1ysis of high strain gradient 
areas with rnicroscopic accuracy, and exarnination of a. 
distant object. It is a1so desir.ab1e .to use when rnaking 
rneasurernents by either the "TARDY" or "NULL BALANCE" 
cornpensation rnethods since the point of measurement 
wil1 b~ great1y magriified and much easier-to observe. 
The te1ernicroscope is furnished with either an F/5.6 
95-205rnrn Zoom Lens (Mode1 037), or an F/3.5 43-86rnrn 
Zoqm Lens (Mode1 137). 

The te1ernicroscope (Mode1 137) is shown rnounted to the 
Photo1astic Analyzer in Figure 27. The front "zoom" 
1eris perrnits observation of a re1ative1y wide area for 
1ocating the point of interest, and then zooms to 
high rnagnification for the· desired detai1 by projecting 
the irnage at the focal poipt of the rear- mounted rnicro­
scope. 
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-!FIGURE 27J 

Description of the Optical Syst~m 

Th·e telemn:r-6sc~ope- assembly cons;is ts of the following: 
(Refer to Figure 28) 

.. ··, 

A. ) 

B.) 

e. ) 

D.). 

Mounting Frame - attachabte to the tripod by 
means of the platform (A) • The basic analyzer 
is also attached to this wlatform. 
Lens and Microscope Suppo+ts - mounted on·a 
common axis (B), articulated in the platform 
(A) , and allowing the tel~microscope to swing 
in or out of the observers field. 
Front Lens Adapter - allows the mounting of 
Nikon lenses to a 16mm m~~~e camera. 
Front Lens - pormally thi= ~~oom lens is installed 
here providin~ a variable focal length system of 
lens~s. The front lens is~interchangeable, and· 
any desired lens could be tnstalled as the front 
lens. · 
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l.) 50mrn focal distance (normally supp~ied 
with the Model 035 Camera~ 

2.) Zoom lens of larger focal distance pro­
vided with the telemicroscope itself. 

·E.) Microscope- mounted on an adjustable rack to 
permit easy focusing. Both the objective lens 
and eye-piece lenses are.interéhangeable. 
Normally a 6x objective lens and a lOx eye­
piece are supplied, providing a total mag­
nification of 60x. 

Assembly to the Basic Analyzer 

To móunt the telemicroscope to the basic analyzer, refer 
to Figure 2 8 and proceed as follows: _ 

l.) 
2 • ) 
3 • ) 

4 • ) 

5. ) 

6. ) 

then: 
5. ) 

6 ·• ) 

Mount the base plate (A) to the tripod. 
Mount the analyzer on the base plate. 
Select the desired lens and mount the lens in 
the front lens adapter ~C). This is accom­
plished by gently engaging the bayonnet in 
the mount, and then rotating the lens ~until 
the stop pin ~ngages in -the groo~e. (Dots 9~ 

-"the lens and on the moun-t shourd l5e arigned ~ 
to engage the bayonnet.) 
Release the stop button (F) and swing the 
optical system until its axis coincides with 
the axis of the instrument. 
Set the distance scale of the lens (approxi­
·mately at the distance of the investigated 
part) . -
Focus the mi6~osc9pe ~n-t:_:i.l -ª- sh.arp~image ~is 
~obse·rvea·. ~The instrument is now ready for 
operation. 
In case the digital or linear compensator (G) 
is used in conjunction with the system, mount 
the compensator first, and then follow steps 
1, 2, 3, and 4 in sequence as above. 

Focus the microscope first on the compensator 
plane.. · 
Adjust the focusing ring of the front lens un­
til a sharp image is pbtained. 

Selection of the Lens 

For·.-most applications only a moderate magnification is· 
required, and the lens of maximum aperature woul4:be 
selected to obtijin a ma~imum amount of light. 
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Th~ f/1.4 lens 50mm focal length is satisfactory in 
most cases. However, in case higher magnification is 
required, the zoom lens should be installed. The aper­
ture of a high focal distance lens is smaller and for 
best results, the measurement should be made in dark 
areas or areas with a mini-mum amount of surrounding light. 

7.2 CAMERA MODEL 035- AND 135 

The camera provided with this equipment is one of the 
finest single lens reflex camera manufactured. It has 
many features and accessories that make it especially 
well-suited for work in the photoelastic coating field 
and .for general industrial work. The camera is provided 
with a special bracket for easy mounting directly behind 
the basic analyzer (Figure 29). 

A single lens ref1ex unit with shutter speeds of 1 to 1/1000 
second, it autQma~ically sets the lens opening a~ the pre­
set setting duripg expqsure, put allows viewing with maxi­
mum opening. ~he. automatic mirror swings in and out of the 
field· during exposure.' Th~ unft is also equipped with in-
·~tant action pr~view contr9l, ánd a split image range find­
·er with interch~ngeable foGusi~g screens. The camera it­
self can also b$ fitted wi~h a wide variety of accessories._ 
The Model 035 c9mes complete with a SOmrn fl.4 Auto-Nikkor 
Lens. In addition, the Model 135 offers a 1eather case, 
cable release, ~rey •card set, light meter, and cirqu1ar 
polarized ana1yzer filter for taking pictures when not 
attached to the instrvment. 
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The general instructions for operation are enclosed with 
the camera. These cover: 

·Loading ·Lens Setting 

·Focusing ·Shutter Setting and Self-timer 

·Unloading ·Changing Lenses 

These instructions naturally cover the normal operation 
(Jf the camera but because of its rather·specialized 
~se in the field of photoelastic coatings, specific 
.i;nformation -of photographic recording of the observed 
Pe~terns is presented in Section 8 of this manual. 

7.3 CAMERA ADAPTER MODEL 038 AND 138 POR TELEMICROSCOPE 

Th~s accessory is for recording on film the ·observations 
made with the telemicroscope. Both the Model 038 and 
138 Camera Adapters are self-contaiñed units with interna! 
lenses that attach directly to the rnicroscope tube and 
carnera body (in place of the carnera lens). The Model 038 
provides viewing th_roJ.!gh j:.~ carnera while the Mode~l 138~ 
fe~atures a late-ral -eyepiece allowing observa tion and 
rneasurements while the carnera rernains attached. Norrnally 
supplied to fit the Nikon F Carnera, they can also be 
supplied for· other rnakes as well. Figure 28 shows how 
the Model 038 Carnera Adapter (H) rnounts to the telernicro­
scope. The Model 138 (Figure 30) rnounts in a similar 
rnanner. 
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7.4 MONOCHROMATOR MODEL 036 

The use of monochromatic viewing in photoelastic coat­
ings falls into two distinct categories. These are: 

l.) Black and white photography 
2.) Identification of fringes when the colors 

washout at higher fringe orders 

A truly monochromatic light source provides a very low 
light intensity only usable in a dark room. Semi­
monochromatic lights used with standard photographic 
filter~ cause a shift in the fringe positions from 
color to black and white. The most efficient and 
economical sol~tion is to use standard high intensity 
light and filt~r the desired band of wave lengths. 

The Photolastic Monochromator is a narrow úand inter­
ferential filt~r. It provides a band .pass of l00A 0 

at the wave le~gth of the tint of passage producing 
a black fringe at every location where the tint of 
passage is observed in white ¡ight. It can be used 
in-hand or attached to the lens of the camera. 

7.5 STROBOSCOPIC LIGHT MODELS 034 AND 134 

When stress analysis studies under dynamic conditions 
(such as those tound on centrigues or shakers) is required, 
replacement of the Éasic Analyzer Light Source with a 
strobe accessory will provide the same sensitivity of 
measurement plu$ the advantages of a strobe light. 

\ 

Both units are ~specially designed and manufactured for 
Photolastic, InG. ,· and they incsrporate a combination of 
several feature~ to increase th~ir effectiveness in 

1 

photoelastic obqervations. The ¡amps are attached to 
the polariscope·'so ~hat i ts use ~s cjl. portable analyzer 
will not be impaire<\} (within/the 'limits of 'the lamp's 
calbe). To maintai~ a light weight, the oscillator on 
Model 134 has its o~n control box separate from both 
lamp and power stipp~y. This feature permits a flashing 
rate control up to ?C feet from the lamp. 

1 
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Each model consists of lamp, power supply, and oscillator 
with connecting cables. Figure 31 shows how the Model 
134 Strobe Light attaches to the basic analyzer. The 
Model 034 mounts in a similar manner. A complete set 
of operating instructions is supplied with each rnodel. 

1 FTGlJRE ·~11 
• 1 

7. 6 MODEL 332 and 432 DIGITAL STRAIN READOUT 
1 

Photolastic has brought autofllation to photoelastic stress 
analysis with the Model 332 qr Model 432 DÍgital Strain 
Readout. 

Easily at.~ached to the basic analyzer, Model 332 (Figure 
32) assure1s easy, fast, accul]'ate strain rneasurernents 
directly dlsplayed-in rnicroi~chesjin.-as a 4-digit read­
out. Model 432 provides a Pfintout of the 4-digit strain 
rneasurernent,. plus a 2-digi t ¡printout. of Point Nurnber, and 
a 2-digit pri111tout of the Pr,[.ncipal Strain Direction Angle. 

~e~ause it elikin~tes the need to recognize fringes (or · 
their absolute brder), and the need to identify and then 
calculate fractional orders, it reduces human error to 
virtually zer~~ .. even with inexperierced operators. 
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Both Models consist of a Babinet-Soleil uniform field 
comp~nsator electrically coupled to the digital strain 
readout. 

The measuring method uses the ''Null Balance" principle. 
Displacing the' compensator wedge within the strain field 
adds-to the unknown quaritity-an amount equal to the un­
known quantity, but opposite in ~ign. We merely add an 
exact amount ~ufficient to achieve Zero Balance (the 
procedure is described in Section 3, part 3.4.2). 

The electrical output from the compensator is then com­
puted into Digital Strain Readout¡ displayed by the in­
strument. 

Separate instruction manuals are available which describes 
in detail the set-up of electrical connections, adjust­
ments, arid operational procedure ~f these units. 
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SECTION 8 

PHOTOGRAPHIC RECORDING OF FRINGE PAT'l'ERNS 

8.0 GENERAl RULES 

Photographic recording of the observed fringe patterns 
provides the sirnplest and rnost accurate rn~thod of re­
cording data without transcription errors or forgotten 
details. In order to obtain satisfactory results when 
photographing the photoelastic patterns, the following 
general rules should be observed: 

.l.) Select the area to be photographe~ •• The size 
of this area w.ill determine the p9sition of the 
carnera and the proper lens. With'a lens of 
focal length "f" the size of the p.rea covered 
"L" frorn a distance "D" on a 3SffiiY\ frarne is: 

2. ) 

3. ) 

4,;) 

S.) 

D - f 
L = x 35rnrn 

f' 

If the distance D is rnuch iarger than f, the 
following approxirnation rnay be used: 

L = 35rnrn X D 
frnrn 

It is apparent that to cover srnall areas a 
lens of large focal distance rnust be used. _ 
Be s_u;re~i:J:le_~area~Of-iRterest ·is· well~and-- unfforrnJ..y 
Tf1timinated. For overall views (test set-ups, 
etc.) only use several lights. 
Avoid parasitic reflections of windows, overhead 
lights, and direct reflections off polished rnetal­
lic surfaces, etc. 
Attach the carnera rigidly to the tripod. Use 
the cable plunger to rnake certain the carnera does 
not rnove during the exposure. 
To obtain good depth of field, use as srnall a 
diaphragrn opening as possible (f/22) . The larger 
openings (f/1.4 and f/2.0) should be used only on 
relatively flat ar~as when uniforrn focusing can be 
achieved. Care should al~ays ·be taken when focus­
ing (use the spl~t irnage feature of the carnera on 
a ve~tical line or f~inge}. If no vertical refer­
ence is naturally av~ilab~e, rnake one artifically 
with rnasking tape, r~rnovihg the tape befare exposure.: 
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6 • } Avoid parasitic reflections and other "hot" spots 
that may appear in th~ field of view. Preferabl~, 
place the camera in a normal incidence position 
with respect to the part and to the illuminator, 
which should be slightly inclined (See Figure 33} • 

.,...,., 
......._...... ~ coating 

l FIGURE 33l ~~ . 

test 
part 

.......... ..... ..._ .._ ..._ .._ ..._ 
parasitic ----:>_ .., .... 
reflection ~ 

8.1 PHOTOGRAPHY OF ISOCHROMATICS 

Use Ektachrome-X when slides are required, and Kodacolor­
X (or the equivalent) when prints are to be made. The 
exposure guide (see Table I below) , is based on average 
conditions. For best results, obtain actual lightmeter 
readings. The light level depends on: 

-Actual voltage on the lamp 
-Reflectivity of the cement 
-Angle of tllumination 
-Distance from the light source to the part 

Since most of these effects are difficult to evaluate, 
it is suggested to take three frames of each position 
adding one "underexposed" and one "overexposed"~ 

For exposure use Table I which follows: 

TABLE I 

Time-Exposure Data 
. 

Distance - Analy-
2 ft. . 4 ft • zer to Test Part -

. 
ASA Film Speed 20 64-80 200 20 64-ao 200 3000 

Diaphragm f/16 2 1/2 1/4 -4 1 l/2 l/30 
Openin.g t!x 

f/8 1/2 i¡4 1/15 1 1/4 1/8 1/125 

f/A 1/8 1/30 1/60 1/4 . 1/15 1/30 1/500 

f/2 1/30. 1/125 1/125 1/15 1/?0 1/125 
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8.2 
' 1 . 

PJiOTOGRAPHY OF ISOCLINICS 

A very convenient rnethod of recording isoclinics is to 
use color transparency film such as Kodachrorne-x (or 
equivalent). While the analyzer-polarizer assernbly.is 
rotated successively to different positions (0°, 15°, 
30?, 45°, etc.), obtain photographs without changing 
the position of the carnera. The resulting slides can 
then be projected later on white paper for tracing the 
isoclinics and isostatics. 

In this case, the slides shriuld be overexposed. This 
will show sharper isoclinics. When black and white 
film is used, the isoclinics should be recorded at a 
low strain level to avoid confusion with isochrornatic 
fringes. 

8.3 PHOTOGRAPHIC RECORDING THROUGH THE TELEMICROSCOPE 

Photographic recording of the observed patterns viewed 
through the telernicroscope rnªy-~a obtained by instal~­
ation· of the carnera adapter Model 038_ OJ; 13_8_ on __ the 

1.) Set.up the telernicroscope as for visual obser­
vation. Next, tighten all tripod. handles to 
obtain rnaximurn rigidity of the systern. 

2.) Mount the 50rnrn lens in the front of the tele­
nücroscope, ·and focus on the are a of in terest. 

3.) Engage the ca~era adapter to the darnera. This 
adapter is _1119JH1~]-_ed in~-exactly tohe s·arne ·mann·er~ · 

-- a.-s --tne ___ carnera leris. 
4.) Unscrew the eyepiece holder (I) frorn the carnera 

adapter. Now intr'odtice the eyepiece (J) in the 
ca~era adapter and~ighten the eyepiece retainer 
ba.ck. (See Figure ~8). 
Note: When the eye~iece is removed frorn the 

rnicroscope, ~are should be taken to avoid 
any rnotion th'át would destroy th'e focus 
obt~ined. 

5.) Now· gently introduce the ·camera adapter (with the· 
carnera att.ached) to t;he microscope until the eye­
piece hits·- the stop. Tighten the adapter on the 
rnicroscope tube usi~g the knob (K). The set-up 
is now ready to tak~ photographs with no addition-· 
al focusing requirea. 
Note: It is possi~~e to check the focusing using 

"throl.¡\gh-th~-lens 11 viewing of the ,f:amera 
altho~gh thf l'g~t intensity will be ~ower. 

! 
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APPliCATIONS 

The Transfer~grid Method, 
a Practical Moiré Stressaanalysis Tool 

Grids are applied to any part within minutes by a transfer technique which does not 
require any special skills. An optical instrument for moiré-fringe production, 
remate from the part (no contact master) is described 

by Felix Zandman. 

AHS'I'RACT A praclical and simple moiré stress-analysis 
technique is described. 'T'he grid is applied to any part 
by a transfer method, like a decal, not necessitating 
meehanical engraving or ¡Jhotoetching nor any special 
environmental care. The moiré fringes are observed 
remotely from the parl withoul master contact. 'T'his is 
done through the use of a projection device and a master 
held in a plane where the projected image of the working 
grid is formed. Limitations of the method, as well as 
ils applica tions, are discussed. 

lntroduction 

The m oiré stress-analysis technique * has been 
limited in its usefulness until recently, principally 
beca use of the difficulties in volved in the application 
of grids to Lhe test part. The only methods avail­
able were by engine ruling, photoengraving or 
photoetehing which are very expensive and tedious, 
demanding high degrees of skill and consuming a 
considerable aruount oftime. 

Still another difficulty was apparent in !he neces: 
sity of using masters directly in contact with the 
active grid to produce the fringe pattérn. [n many 
instances contad is prohibited, difficull or impossi­
ble. 

This paper desnibes a recent.ly developed, simple 
and inexpensive method of grid application. I t also 
describes ·an instrument for producing moiré fringes 
without contading lhe part with a master. 

Producing and Applying the Grid 

During the development of this new technique, 

f'dtx :t.andmun is associuted with Vishay Jntertechnology,- Inc., Maluern, 
·lja. 

* Por those interestcd ¡,, a description of the principles of moiré, seueral 
cxcellefll papers by A. J. /Jurelli o{ 'J1¡e Catholic Uniuersity, Washington, 
D. C. are reLvmmended. 

the following parameters were established and con­
sidered: 

(a) Produce a grid which can be stored, handled, 
shipped and applie!l without producing grid 
distortions. 

(b) Grid application should be permissible under 
normallighting conditions by personnel fami­
liar with usual stress-analysis techniques. 

(e) Grid should be applicable to flat or cylindrical 
surfaces of any material. 

(d) Grid and application method should be . 
economical. · 

(e) Grid should be capable of withstanding high 
temperatures and extreme elongations. 

To accomplish the above objectives, the following 
concept resulted; produce a transferrable grid or 
dot system of a highly reflective thin metal film 
which is supported by a rigid, easily stripped 
carrier. This was achieved by taking a stainless- · 
steel plate of 0.005-in. thickness and covering it 
with a layer of nickel in such a way that the peel 
strength of nickel to stainless steel is very low. A 
layer of photoresist is then applied to the nil:kel and 
a print of the desired grid or dot system is made. 
After development, the areas in the unexposed por­
tian of the image are etched. The etching process is 
stopped as soon as the pattern is formed. 

An alternate method involves evaporating or 
plating nickel through a mask onto the stainless­
steel backing. Material other than nickel can also 
be used; we have found, however, that nickel pro­
duces good results in terms of reflectivity, tempera­
ture, peel strength and process handling .. 

At this point, th~ transferrable grid on its backing 
plate can be stored, shipped and eventually applied 

ReJHinted from EXl'l!;HIM!!;N'l'AL i\IECHANlCR, Iuly 1967 
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to the part without concern for distortion. 
The method of applying (transferring) 

consists of: 
the grid 

(a) Cleaning the surface to which the application 
is to be made. · (This is similar to surface 
preparation used for strain gages or photo­
elastic coa Lings.) 

r ó 1 Applyir.g l'ement to pa:rt. (A black adhesive 
is used for refledion techniques on opaque 
parts, a trapsp~rent adhesive for transmission 
techniques o·n. transparent parts.) 

(e) Application of the grid-plate sandwich to the 
eement-coated part, making certain that the 
grid is in contad with the cement. If the 

Types of Grids 
Employing this technique for manufacturing 

grids, practically apy pattern can be produced such 
as lines, grids, dÓts, cireles, triangles, etc. F·or 
practica! production and stocking reasons, the avail­
able commercial patternst have been limited to 
Iines, grids or dots of 200, 500, 1,000, and 2,000 
Iines-per-inch density. These are normally made in 
4- X 4-in. and 1 X 1-in, sizes. 

. In addition, individual gages made of concentril' 
circles of 500 Jines-per-radial-inch density are pro­
duced with a gage diameter of 0.2 in. 

Moiré Fringes Without Master Contact 
part is mildly curved, the plate can be made The principie of pr0 ducing moiré fringes withoul 
Lo conform to the curvature. (For sharp resorting to direct contact between the master and 
curvatures, the grid is first stripped off the the active grid is accomplished by projecting the 
ba<.:king plate wilh eellophane tape; now the image of the working grid onto aplane remote from 
tape, which is very flexible, is the carrier and the part and then placinga suitable master grid in 
it conforms more easily. This method <.:an the same image plane of the working grid. Moiré 

~~-- pro<!~e so nle __ g!jfLd_is tortion_¡;¡.) ~-~~ ~ ~ -· -~fringes·will-then bEq:froaucea·in lne-reipote ¡)lane. 1 • i~ 
-- ---Td)- 'Í'he eement. is then allowed to c.ure. The instrument developed to accomplish thist 

(Twenty-four hours at room temperature ora consists of a ve•·y accurate optical system <.:ontaining 
few houts aL elevated témperatures.) high-resolution, color-corrected, non-distorting 

le) After the-cement is fully cured, the backing lenses. The basic magnification is 1:1, thus pro-
plate (or tape) is peeled off an9. the part is viding the same resultas two grids of the same line 
now ready for testing. pitch in contact (matched grids). Magnification 

adjusta_bility provides the same results as two mis­
The sequence of grid application described above 

is schematically shown in Fig. l. t Ph~~'''}ti:·!'!.~~176~~inC()I" H_~gh";"!~·-"!'!!.vern• ':_a__,__~~_ 
-· •• -~=--T •-.~ o=~ -- --.~-~-~ 

Fig. 1-Bondable moiré 
grids 

BONDING PROCEDURE 

l. CLEAN & DEGREASE TEST PART 

2. APPLY ADHESIVE 
TO TEST PART 

\ 

3. CEMENT GR ID 
TO TEST PART 

4. ALLOW CEMENT TO 
CURE & STRIP .. OFF 
BACKING PLATE --

5. GRID IS NOW BONDED 
IN PLACE WITHOUT ee rr= =-
INITIAL DISTORTI~~~ 

2 

GRIDS AVAl LABLE · 
IN LINE DENSITIES 
OF 

200 

500 

1000 

AND 2000 LIN~ 
INCH 
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F1g. 2-General view of the moiré instrument (to the right) 
and a strainiríg trame .(to the left) 

matched grids 1fringes at zero strain) thereby per­
milLing analysis of low strains or measurement over 
short gage lengths. .In addition, photographicfilm 
can be u sed in place of the master in the image plane 
and, hence, moiré fringes will be produced Uirough 
double exposúre 1 before and after load application.) 

Phot.ographs of !.he fringes or direct measurement 
t:an be made direclly from lhe screen of the instru­

. m en t doca t.íon of t he master grid) where the m oiré 
frlnges appear. Figures 2 and 3 show the inslru­
ment described above. 

Limitations of the Transfer-grid Method 

Grid Limitations 

l. At high tempera tu res, the epoxy or other adhe­
sive can be dt.~sl.royed. 

2. When applying grids to small radius or t:om­
p[ex curvatures, · they will usually distort, 
which will ne~essitate zero readings. This 
complicat.es data reduction. 

3. LimiLed area of a single-transfer pattern. 

lnstrument Limitations 

l. The distance between the instrument and the 
test part must be rigidly fixed; if not, magnifi­
cation changes will occur and fringes not 
related to strain might ¡:tppear. 

3 

·.\ t 

>• .••• ,,...i 

A P P 11.. O C A T B O N. S 

•·ro.-,.-.-.·- .... 

Fig. 2-View of. the rear of the moiré 
instrument where the fringe pattern 
appears 

Fig. 4-Moiré pattern visible through a remole observation 
instrument. Moiré grid located inside the transparenl model 
and master grid of the instrument located al 4 fl from the 
model 

2. Full-field analysis can be accornplished on flat 
surfaces only. On curved surfaces, measure­
ments are made point by point or line by line. 

3. Refocusing of instrument might be required if 
load-induced warping of the plane containing 
the grid leads to spurious fringes or out-of­
focus areas. · 

4. A 2000-line-per-inch grid appears as the prac­
tical.limif for. conventional lenses because of 
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their Úmited resolution power for large-field 
observat.ions. Microscope lenses can be used 
for very high li~e densities (5 to 10,000 lines 
per in eh); however, then the field of observa­
Lion becomes-very small. 

Applications 

The main areas where the moiré method of stress 
analysil:l can be Used uniquely or to more advantage 
lhan olher methods appear to be: 

l. High-temperature applications such as weld- . 
ing, heat treatment,' creep. 

2. Analysis of inleriors of tridimensional models 
through inserLion of grids inside of models and 
produeing moiré frir1ges with the .instrument 

_-deseribed above; no contactwith grid is re­
quired. 

3. Strain me~surements on soft materials or 
-~wherever reinfor<:~é1üeilt~caused by 'the sfrain=- . 

rneasuring device is a problem. 

6. The method, being very basic, can be used 
efficiently as a teaching tool in dasses of elas­
ticity and stress analysis. 

7. An extremely important advantage of the 
moiré method exists for those problems in 
which displacements are the desired quantities. 
Example: A simple example will illustrate 
one of the above-mentioned applic;ations. A 
section of a raíl made of a transparen,t material 
was amilyzed in its plane directly under a 
point-acting load (three-dimensional problem.) 
The model was cut along the plane to be 
analyzed. A transfer grid was applied to the 
plane. The model was recemented and a 
point-like load applied directly above the plane 
containing the grid. The moiré instrument 
was then focused on the interior grid and the 
resulting moiré fringes analyzed without re--

- sorting to stress "freezing." Figure 4 shows a 
portion of the model and th_e_ mQ_i!:_~ frjpges_as 
visifile tnrough the instrument. 

4. Long-term measurements wherever stability of Conclusion 
the strain-measuring device is a problem. 

The technique of grid transfer and moiré-fringe 
fi. In combinalion with photoelastieity for two- vroduction withont master contact appcars to be a 

or three-dimensional problema (stress freezing realistic, economical and practica] approach for in-
or not), providing a means óf separation of - dustrial and laboratory problems. Technicians 
principal strains without reSfJrting to graphical without special skills can apply grids to any part 
integra tion, as follows: - _ within minutes·and at·a reasonabte·i:ost.-

~r al Two~dimentiicmal pnoLoelastic -model with~-~ The future of the method asan industrial tool will 
grid on eme of its surfaees. Separate d~?pend very much on the leve! of edueation of the 
values of principal strains are obtained at users, as for any new technique, and upon future 
any point through the use of moiré or developments still needed in high-temperature 
combina! ion of moiré and photoelasticity. cements, fringe readout systems for data-redudion 

(b) Grid applied inside a three-dimensional simplification, and grids of larger-dirnensions. 
photoelastie model. After model "freez-
ing," t-he slice containing the grid is cut 
out and analyzed photoelastically and 
moiré-wi:;e at any desired point. 'J'hree 
principal strains in sign, magnitude and 
orientat.iop are obtainable withoul. graph­
it:al integration. 

le) A si ice is t·ut out from a three-dimensional 
'·frozen" model. A photoelastic analysis 
i:; made of 1 he slit·e. A Lransfer grid is then 
applied to the slice and the slice anúealed 
so as to remove from it its birefringence. 
Because of strain relaxation, the grid is 
now distorted and can be analyzed. The 
photoelastic and moiré information are 

. sufficient to obt.ain the three principal 
st rains as in 5 ( b) above. 
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Simple compensation procedures can be used to correct errors 
in strain-gage transducer bridges 

by James Dorsey 

ABSTRACT -Small errors commonly encountered in experimental 
stress analysis are often unacceptably large when building 
strain-gage transducers-even crude ones. Fortunately, the 
procedures necessary to remove the errors are simple. The 
steps are discussed in detail and examples given. These 
compensation techniques can also be useful in strain-measuring 
applications under certam circumstances. Also discussed 
briefly is the effect · of mstrument circuits on transducer 
performance. 

Symbols 
R resistance 

Al? changé in resistance 
GF gage factor 

t strain in in.,lin. (in/m) 
RB resistance of transducer strain gages 

V Wheatstone-bridge supply voltage 
S. G. strain gage 

Vo transducer output 
R m Resistance of span-shift compensation resistor 
liE temperature-induced change in spring-elemen1 

modulus of elasticity 
M< temperature-induced change in gage factor of 

strain gages 
a:m temperature coefficient of resistance of span-shift 

compensation resistor 

lntroduction 
Most strain. gages are used in testing to learn about 

the strain on a surface. But another large quantity is 
employed on devices called transducers. In the latter 
applications, users want to measure a physical quanti1y 
such as load or pressure and do it by means of an 
electricai output. 

Resis1ance s1rain gages are convenient for these devices. 
because they easily convert strains 10 electrical ~ignals. 
Al1hough 1his qualifies 1hem, or the complete devices, 10 . 
be called transducers, it is more useful for this paper if 
1ransducer·s are defined as devices (a) tha1 use strain 
gages, and (b) that can be precalibra1ed before use. S1rain 
sensitivity (or transfer coefficient) of the gages will be 
learned by actually applying known physical quantities to 
the device. · · · 

. The study of transducers is very complex and canno1 be 
completely covered. here. Material properties, element 
(spring) design, case cons1ruction, sealing, use of tlexures, 
etc. are all importan! considerations. But perhaps the 

Jatnes /Jorsey ü· · Vice-Presiden/, t:n~ineerin~. A4icm-A1easurements 
Di\•isiun, ~leu.\Ui'ement.\ (iruup, Vishuy /nlertec:hnolu!!,y, /nc., Romulus, 
ivf/ 41/174. 

Puper k'u.\ presenled uf 1976 SESA Sprinx Me~linx held in Sill'er Sprinx, 
MIJ rur Muy IJ-/4. 

least understood area involves compensation techniques 
needed for initial bridge unbalance and for severa! errors . 
caused by temperature changes. This paper discusses 
bridge errors and their corrections, a subject often 
neglected beca use cost or· time involved is thought to be 
great. In fact, simple adjustable resistors can be used to 

~ quickiy and easily achieve good results. In any case, 
accuracy improvement is often so dramatic. that, on a 
unit-cost basis, nothing else done to improve the transducer 
can possibly be as effective. As a éorollary·: failure to. 
·make simple · corrections for problems caused by 
temperature changes can result in very large errors (as is 
also true in experimental stress analysis). 

. Finally, many of the techniques described find 
application in experimental stress analysis use of multiple­
strain-gage circuits. Bridge compensation has been used 
both to produce moré accurate data and io save 
installations in which unmatched gages were inadvertently 
used. -

Errors 
Unfortunateiy there are many ways in which the strain 

gages and their installations can d'eviate from the ·ideal. 
However, most of the serious errors are easily corrected. 
The four most importan! are normally considered when 
transducers will experience temperat u re excursions or 
must be interchangeable. 

lera Shift with Temperature Changes 

Strain gag es res-pond to temperat u re. Changes m 
resistance result from the temperature coefficient of 
resistance of the' grid '!nd the ·expansion coefficients of 
the grid and the spring element. Although the temperature 
coefficient of resistance of most foil strain g~ges can be 
adjusted to minimize the changes caused hy temperature, 
zero output cannot be achieved cwer any appreciable 
temperature range. 

The resulting error is par1icularly bacl beca use it is, in 
no way, related to thL: .size of the rneasurement. In other 
words, even if the quantity to be mea~ured is zero, a 
large outpul can result ir' temperature changes. 

Theoreti~ally, use of a fully m:tive hall'- or l'ttll-bridge· 
will elimini;Íte zero shift by subtraction. In practice, no 
two strain ~ages are ever identical and there are vari<llions 
in installat¡on and in the spring element. (Zero shift will 
also occur when adjacent bridge arms are mounted on 
surfaces w!th different radii.) 

Bridge Béplance 
In gen¡¡ral applications, it is convenient to use transducers 

whose o~tput is zero (or close to zero) when input is 
zero. Eyen if the strain gages are well balanced and 
uniform)y installed, compensation for zero shift with · 

Reprinted.From: EXPERIMENTAL MiCHANICSr Vol.17, No. 7, 255-260,luly 1977 



A -PA TTERN C-PA TTERN 

D -PA TTERN E-PATTERN 

Fig. 1--Bondable res1stors 

temperature change will often unbalance the bridge zew. 

Span Vs. Temeftrature 

Output (span) of an · uncompensated transducer ~!Vill 
·· · -~···· normally~change as terñ.pe·ratúre~~cfianges.~ Differences in 

span occur with temperature change because both gage 
factor o( the strain gages and modulus of the elasticity of 
the·spring element are functions of lemperature. 

Normal! y these t wo effects combine to cause increasing 
span as tempcrature rises. 

Span Adiust 

The output of a transducer can be set to a specific 
desired leve!. Although adjustment of span does nol 
gir.ectly~affect.accurácy, .• it-~is usually~desirable· because~it 
is an advantage to ha ve the. transducer /instrument system 
output . displayed in convenient units (e.g., 137 lb-or 
kilograms-load reads 137 or 1370 counts on the indicator) 
and also, if transducers are iiÚCÍ"changed, output for a 

· given Q would be ·the same. · 

/mpedance Match 

In some applications, it is helpful if the transducer's 
input or output impedance is within a specified range. 

Other Errors 

There are many other types of transducer errors. (Creep 
and nonli.nearity are important examples.) Mosr can be 
avoided or, to sorne· extent, corrected. However, correction 
is often difficult and costly and, in any event, the errors 
are almost always very small. · 
. For these reasons, no attempt will be made to deal 

here with subjects other than the first five given above. 

Compensation Procedures · 
When compensating strain-gage transducers, it is possible 

either to calculale the resistors needed or to. determine 
their values experimentally. lf more than one transducer 
of a given type is to be built, it is sometimes possible to 
use constan! valurs for span and impedance resistors. 

,2 

Step-by-step procedures follow. Where practica! to 
calculate the resistor value rather than determine it 
experimentally, both techniques are discussed. 

For building one (or a small number of transducers), it 
is often convenient to use compensation resistors that are 
adjustable. Figure 1 shows four types of bondable 
resistors that will be u sed in the examples which follow. 
The A-pattern represcnts any r;xed resistor. C-pat.tern is a 
fixed grid with an added adjustable section. D and E are, 
single and double ladders, respectively. Patterns C, D and 
E are designed to allow user adjustments of varying 
amounts. Using a sharpened dental probe or other 
convenient tool, steps in the ladder-like arms are cut 
through to lengthen the conducting path and so raise its 
resistance. Parallel stéps may be cut to increase_ resistance 
by very small amounts. In. Fig. 1 (0-pattern)'~ cutting 
step X would increase resistance about 2.8 percerit of the 
maxirnum value. Cutting steps such as Y and Z would 
increase it only about 0.2 percent and 0.1 pel1:ent, 
respectively. Cutting steps in the C-pattern are designed 
to be 20 percent, JO percent and 1 percent of the uncut 
resistance. There are four 20 percent, four JO percent, and 
tw'enty 1 percent steps. However, like the D- and E­
patterns, smaller changes can be obtained by cutting from 
the top or in the rniddle. The C-pattern is used if the 
mínimum required value will be about half of the fully cut 
maximum. When it is not known if any resistance will be 
needed, D- and E-patterns are better beca use their uncut 
resistance is very low. 

lf possible, all ternperature-ser:sitive (copper, Baleo®, 
nickel) compensation resistors (tb be described in following 
sections) sh..ol!l<:l be~located on_ the transducer- element · 
w-here the Sírain will be low but as close to the strain 
gages as possible. Doing so will assure the best temperature 
tracking without danger of fatigue damage. Also, 
connecting wires inside the bridge should be balanced in 
length and in good thermal contact with the spring 
element'. · 

Zero Shift with Temperature Change 
· When gaging the. spring element, it Js not known if 

there will be a zero shift with temperature large enough .to 
require compénsatión·or\vhicn-arm -will r~eq~Úire ihe ~adc.fed 
resistor. ' 

Pattern E resistors are a convenient mearís to solve the 
problem because they are very low in uncut resistance 
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1 
1 
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~ 
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Fig. 2-Bri~ge circuil wilh all compensalion resistors 



lABLE 1-LOAD CELLS ANO PRESSURE TRANSDUCERS 

Load Cells 
------

General lmproved High 
Purpose Accuracy Accuracy 

Calibration lnaccuracy 0.5% FS* 0.25% FS 0.1% FS 

Temp Elfect on Zero ±0.005%/°F FS ±0.0025%/°F FS ±0.0015%/°F FS 
( ± 0.009%/oC FS) (±00045%/oC FS) (±0.0027%/oC FS) 

Zero"balance Error ±5% FS ± 2'12% FS ±1% FS 
Temp Effect on Span ± 0.01%1 °F OL. ± 0.005%/oF OL ±0.008%/oF OL 

(±0.018%/°C0L) ( ± 0.009% ¡oc OL) (±0:0015%/°COL) 
Nonlinearity 0.25% FS 0.1% FS 0.05% FS 
Hysteresis 0.1% FS 0.05% FS 0.02% FS 
Non-repeatability 0.1% FS 0.05% FS 0.02% FS 
System lnaccuracyt 1% FS 'l2% FS 0.15% FS 

Pressure Transducers 

Calibration lnaccuracy 0.5% FS 0.25% FS 0.15% FS 
Temp. Effect on Zero ± 1%/100°F FS ± '12%i100°F FS ± '1• %/100°F FS 

( ± 1.8%/100°C FS) ( ± 0.9%/100°C FS) (±0.45%/100°C FS) 
Zero'balance Error ±8% FS ± 2'12% FS ±1% FS 
Temp Effect'·on Span ± 1%/100°F OP* ± 3;,%/100°F OP ± '12%i100°F OP 

( ± 18°/d/100°C OP) (± 1.35%/100°COP) (±0.9%/100°C0P) 
Nonlin~arity 0.5% FS 0.25% FS 0.1% FS 
Hysteresrs 0.75% FS 0.25% FS 0.1% FS" 
Non-repeatability 0.15%FS 0.1% FS· 0.05% FS 
System lnaccuracy 2% 1% '12°/o 

*FS is 'Full Scale', OL is 'Ot Load', OP is 'Ot Pressure' 
tCombined effects but not including temperature. · 

and are designed to be wired in each of two adjacent 
bridge arms. The copper-foil version can be bonded at the 
same time as the gages and wired into the bridge at the 
start. For best performance, the double ladder is most 
often in a bridge output corner. 

Assume that four strain gages (should be same type and 
lot) are bonded to a spring element and wired in a full­
bridge. Output of the bridge will generally not be zero, 
but is usually close enough so that a reading can be 
obtained on the transducer-indicator instrument. 

1 f the gag es and element are then warmed, output will 
usually change. (Even in cases where the spring element is 
part of a large structure such as a bridge or a commercial 
aircraft, it is usually possible to get readings at two 
temperatures at different times of the day.) 

Theoretically, it is possible to make a very careful 
measurement of the temperature effect and to calculate 
the needed compensation resistor. For example: if the 
bridge output is equivalen! to 35¡ún./in. (¡¡m/m) for a 
temperature rise of I00°F (55 oq and 350 ohm gages 
with a gage factor of'2 used: 

!J.R = GF X E X Rs (1) 

AR =. 2. X 35 X 10.-• X 350 = 0.0245 Q/I00°F = 

0.0245 º/55 oc 

Copper wire increases resistance approximately 22 
percent/I00°F (22 percent/55°C), so a length of wire 
whose resistance is O. 11 ohms is required to compensate 
~or tempt',!rature-ind,uced zero shift of the transducer 

bridge. [The resistance of a 1.25-in. length. of A WG-40 
· copper wire (0.08-mm diameter x 32 mm long) would be 
about 0.11 ohms.] 

In practice, this calculationis an unprodu.ctive exerci~e. 
The resistance of copper. required is normally extremely 
small. Selecting such a resistor and soldering it into th~ 
bridge arm to achieve compensation is impractical if not· 
all but impossible. 

Using a double copper ladder in one corner of the 
bridge (Fig. 2) assures that the adjustable resistor will be 
available in the required bridge· arm; and also if over­
compensation occurs accidentally, it is easy to increase 
the copper conductive path in the adjacent arm. 

When the spring element is gaged and. the bridge wired 
with the double copper ladder in place, it can be put in an 
oven or otherwise warmed. Bridge-ou.tput change will 
indicate which of the two adjacent arms surrounding the 
copper ladder needs added temperature sensitivity. By 
experience and tria! and error, the ladder in that arm can 
be increased in resistance until the temperature-caused 
zero shift is within acceptable limits. · 
\A word about 'acceptable limits': many of the 

compensation techniques described can be tuned to as 
fine a leve! as is desired. The limits are economic 
considerations and the fact that compensation is usually 
not linear. Output can be trimmed to zero at pairs of 
temperature, such ás 77°F and i05°F (25°C and 
40°C), but normally is not zero at other temperatures. 

Although it is possible to reduce such nonlinearities, the. 
procedure is time-consuming, costly and rarely completely 
effective. The simple one-resistor compensations discussed 
here will rotate the curve but not linearize it. Typical 
magnitudes of correction in Table 1 are chord slope 
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values between temper-ature points selected by the 
transducer designer. · 

Bridge Zero 
Bridge zero is adjusted by the same techniques as for 

zero shift with temperature except a low-temperature 
coefficient resistor is u sed. If the initial un balance is the 
equivalen! of 100 ¡.¡in. /in. in our example, then from 
eq (1): 

R = 2 X 100 X 10-6 X 350 = 0.07 ohms 

[The resistance of a 1.6-in. length of A WG-40 constan tan 
wire (0.08-mm diameter x 40 mm ·long) will be 
approximately 0.07 ohms.] Balance wire can be added 
afler bridge zero is checked or a double ladder can be 
installed opposite the copper ladder. lf the strain gages 
are made of constantan, then US\lally an E-pattern resistor 
made of constantan would be employed, and a Karma­
type-alloy resistor would be used for Karma-type gages; 
The adjustment technique is the same. 

The double ladders are connected as shown in Fig. 2. 

Span Vs. Tempc'rature 

Adjustment of span changes with varying temperature 
is usua!ly the most difficult compensation to achieve 
because the quantity to be measured must be applied to 
the spring element as the temperature is changing. 

Nickel temperature sensors have often been used as the 
compensating element but recently there has been more 
interest in Baleo®, a very stable nickel-ir01i alloy with a 
_hjgh~te_mperatUJ:e~ coefficienL of~resi~tance,~,Balco--has~a~~­
number of advantages when compared with nickel. lt is 
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FIG .. 3-:-Tempera tu re vs. resistance for Baleo 
and nickel 

less expensive, easier to manufacture, and has about 
2Vz times the resistivity of nickel. Temperature 
coefficient-of-resistance curves for Baleo and nickel are 
shown in Fig. 3. At temperatures above - 100°F 
(- 75 oc¡, the only disadvantage to Baleo is a slightly 
Iower temperature coefficient of resistance. 

If the transducer is put through a temperature cycle 
and the span change recorded, it is possible to calculate 
the resistance of the Baleo gage required. Or, using 
approximate values for materials and gage behavior, the 
following equation will produce a nominal value fur this 
resistor : 

(2) 

M< (Approximate) 

= +0.50Jo/100°F ( +0.90Jo/100°C) for constantan 
= - 0.570Jo /100° n- '1.03 OJo 1 100°C) for K-alloy -

06 compensation 
- 0.830Jo 1100° F (- 1.490Jo 1100 °C) for K-alfoy -
13 compensation 

a:m (Approximate) 

(for nickel) 

(for Baleo) 

+ 0.31 OJo 1 o F ( + 0.560Jo ¡oc¡ OR = 
0.0031 Q/Q/°F (0.0056 QjQ¡oC) 
+0.250Jo/°F(+0.450Jo/ 0 C)0R = 
0.0025 Q /Q / ° F (0.0045 Q/Q/ 0 C) 

~FigureA is-a-plot of vamesobtainecC wifh eq (2)anct-rs·a­
good guide to the resistance of the Baleo sensors needed; 
Approximate values for AE are also shown for typical 
transducer element materials. Precise compensation 
usually does not result from using these resistances 
because values of R m from the plots are approximate and 
will be altered when the calibration resistor is inserted. 

A better practice is to pick a value from Fig. 4 and 
thén use a C-pattern resistor that is below the value uncut 
and above it when fully cut. By successive tests, the value 
of-the~resistor~can~then--be~adjusted~to- give-best· results·~--­
lt is usually possible to adjust span shift vs. temperature 
to less than 0.0025 percent of signa! 1 o F (0.0045 
percent i oq' 

Span Adjust 

Span is adjusted by using a temperature-insensitive 
resistor in series with the voltage supply. A good selection 
is the 0-pattern. By measuring the impedance of the bridge 
circuit (including the Baleo resistor just discussed) and 
knowing the desired reduction in bridge output, a 
constantan or Karma D-pattern resistor is easily selected 
and adjusted by the same method that was used with 
the Baleo. · 

As with the double ladders within the bridge itself, it is 
often possible to select suitable span and span vs. 
temperature adjustable resistors before beginning the 
gaging and to install them at ihe same time as the gages. 

·lmpedance Match 

lf bridge-input impedance match is required, it is 
usually a fairly high resistance not available in bondable 
grids. The resistor should be stable with temperature and 
is installed as shown by the dotted lines in Fig. 2. · 

Output impedance match is tricky, likely to destroy 
compensation already achieved, and can only be adjusted 
to a lower value (by shunting). Since outpu.t,tn:~,pedance is 
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1 t . 
¡. 



80r---~----~-----T-----r----~~~--~~~---, 
lJJ :::J 

lt ~ 
o ~ 

-....~ 701------1---+-- ...J -- ...J --u -- :3 
lJJ lJJ ~ <( 

z ~ ~ -<( lJJ lJJ :::J 1 
~ ~ ~ j 
~60 :r:--_¡ --tr--
- D.. o lJJ 

"f g ID 

~ t:. 1 

~50~---t-----i------r-----t----
0 

~ 
401------t-----+-----+--

a: 
g 
U) 

iTI 301-----+-----+-­
a: 

Fig. 4-Calculated-span-shift compensation resistors 

close to gage resistance, adjustment is not recommended. 
Better pnictice is to use gages with the impedance 
desired. 

General 
The coinpletely compensated transducer bridge is shown 

in Fig. 2. lt is actually best to 'split' the Baleo and 
constantan resistors in the voltage circuil so that 
approximalely half" of each resistor is in the plus and 
minus supply arms, respectively. Although lwo adjustable 
resistors could be used for each, it is often acceptable and 
simpler lo use a fixed resistor of aboul the right value in 
one lead and an adjustable resistor in the other. For 
example: if Fig. 4 indicates that 28 ohms of Baleo is. 
required, a 14-ohm fixed resistor could be pul in one 
lead and a 10- to 24-ohrn Baleo C-pattern in the other. 

When all of ,the resistors are installed in the beginning, 
it should not be necessary to repeat the adjustment steps. 
lf, ho\vever, tests of the transducer are not satisfactory, a 
repeat m ay be needed to 'fine tune' the compensations. 

One other problem · is sometimes encountered. When .. 
the spring elemen·t is installed in its case, loads applied by 
the case itsel.f may change various compensalions. 
Correclions for lhese difficulties are not recommended 
because they are complex (usually involving compensation 
resislor shunls located in a terminal box outside the case). 
Redesign of the case lo avoid 1rouble is usually possible. 

Specifications 
Table 1 shows typical specifications for severa! 'grades' 

of load . and pressure transducers. The compensation · 
techniques· above roulinely achieve lhe 'general purpose' 
specifications. In rnany applications 'improved accuracy' 
is not difficult to oblain if· there are no adverse effects 
caused by the case or other environrnental protection. 
'High accuracy' requires more sophisticated techniques: 
· In sorne of the specifications (including system 

. inaccuracy), pressure transdu~.:ers sfiow worse performance 

than load cells .. There are severa! reasons, including a 
greater interaction between the pressure cell diaphragm 
and its support structure and less freedom of spring­
elernent design in the pressure transducer. 

Comments on lnstrumentation 

Constant Current 
The techniques above were discussed for a constan! 

voltage or rn V 1 V device. Constant-currenl power 
supplies (or instrurnents with resistors in series with the 
voltage supply) will t:ause little change in zero shift vs. 
lemperature and transducer zero com¡iensalions, but 
cornpletely rernove the effecl of span adjust and span vs. 
temperature resistors. (lf the current is truly constant, 
then resistors in series with lhe power supp!y do not affect 
current in the bridge and so com.pensation does nol 
result from their insertion.) _ .---

Transducers can be ~·¡:,·é-~sated for constant-current 
operation by rneans of shunts rather than series resistors. 
The procedure is more cornplex ancj not recommended. 
for 'homegrown' transducers. 

Most transducer manufacturers will provide transducers ~ 
for use with either-type power supply, often at no 
difference in cost. Before either buying or building, the 
type of instrument to be used rnust. be fixed and its 
operating principies determined. lf not done, expensive 
compensation may either be seriously downgraded or, 
worse, not_ work at a!l. 

lnstrument Zeroing Circuits 
Many instruments used with strain gages and strain­

gage transducers have an adjustment that allows the user 
to balance the reading to ·zero when the transducer is at 
zero input. In sorne cases, these" instruments can be set at 
zero with a fairly large tare input (fixed input of no 
interest such as the weight of an empty tan k). 

The zero-balance circuit shown in Fig. 5 is common 
and, unfortunately, is harmful . to the cómpensation 
techniques just described. Essentially, the circuit shown 
shunts two arrns of the bridge. For rnost instruments 
with this type of balance control, all of the compensatioris 
discussed are affected except bridge zero (which it is 
designed to civerride). The amount of powngrading 
depends on .the resistors in the instrument but is oflen 
enough to put the transducer well outside stated 
specifications. 
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Fig. 5--Undesirable transducer-balance control 
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Fig. 6-.Recommended transducer circ-uit 

The preferred transducer-instrument circuit is shown in 
Fig. 6. 

lnstrument Zero 
When building a transducer, it is desirable to know the 

true instrument zero to assure that the transducer bridge 
is accurately zcroed. A simple and foolproof method of 
getting the value- is to substitute the circuit shown in 

_ -~-~~~~Eig. l for- the--complcte-transducer circuit~(!fages and­
compensating resistors). The· four resistors in Fig. 7 are 
all the same and about half the strain-gage resistance. 
This 'inside out' or star bridge has two importan! 
features. The instrument automatically senses zero bridge 
output and, input and output impedances are about the 
same as with the transducer in place. (Use of a star bridge 
is also rccornmended in strain-gage applications where 
very. small changes in strain are importan!. Unless the 
instrurilent zero is precisely known cach .time a reading is 
takcn, very_ largL~LI"Ors_can be encountered-in-these test 

-- pr-ograms.l 

Combining Transducers 

lf the quantity to be measured requires a combined 
reading from moré than one transducer, special e are 

Fig 7-Slar bridge 
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must be exercised in the circuit u sed. A typical case 
would be the use of three or four load cells supporting a 
tank or a weighing platform. Since the load may be off 
center, tbe reading must be either the sum or average of 
transducers not all seeing the same load. 

1 f inputs and /or outputs of the transducers are 
paralleled, difficulties are encountered much like those 
described above under "lnstrument Zeroing Circuits"; or 
worse. The circuit selected for combining transducers 
must be carefully chosen to prevent interactions. Fig.ure 8 
shows a popular arrangement. 

General Circuir Conslderations 
All of the above individual circuit topics relate to sorne 

form of problem that occurs because the transducer is 
built to operate with a relatively 'pure' instrument but 
often encounters a somewhat less ideal circuit. While 
sorne liberties ·can be taken if a transducer · is to be 
constructed for use ónly with · one particular instrurrient, 
this is not the usual case. 

lt is advisable to investigate the design of instruments 
to be used with transducers and be sure they will not 
adversely affect transducer compensation and performance. 

Conclusions 
In general, building transducers will not be less 

expensive than buying them. Rather, the decision to build 
is usually based on one or more of the following: 

l. No commercial transducer is available. 
2. A portian of a large structure is the required spring 

element. -~ ~-~--~-- -~-~, 
3:~ManywT11 be used and must be part of an assembly 

to be manufactured. ·. 

Often, readily available commercial transducers will 
satisfy needs; but in cases where they will not, the 
techniques needed to compensate for most common 
strain-gage-bridge errors are straightforwa-rd and easy to 
master. Provided that instrumentation for use with the 
úansduccr is wisely selected, quite accurate 'homegrown' 
transducers are not difficult to construct. 

Fig. 8-Circuit for combining 'transducers 



SESSION IV 

TRANSDUCER DESIGN 

l. Materials 

(a) Steels (E = 30 x 106 psi) 

SAE ~340, ~lOSS, RDS Tool Steel, Armco 17-~PH SS 
Electric furnace or vacuum rnelt 
Hardness: Re ~3 to 48 (BHN ~00 to 450) 
T.T.S. = 225 to 250 KSI 
O.T.S. = 20rr to 225 KSI 
Y.S. = 175 to 200 KSI (2000 ~t offset) 
P.L. e 150 to 175 KSI (20 ~t offset) 
E.S. = 85 to 95 KSI (N e 107 cycles) 
Kf = 3.00 (threads) 
Elongation = 10 to 15% 
Design lirnits: 

uc (static) = 150,000/30 = 5000 (over1oads) 
~t (fatigue) = 90,000/30 = 3000 (reversed cycles) 
uc (threaded) = 3000/3 = 1000 (nominal) 

(b) Aluminum A1loys (E =.10~5 x 106 psi) 

2024 T-81, 2014 T-6, 7075 T-6, X-2020 
Hardness: BHN 130 to 140 
T.T.S. ~- 80 to 87 KSI 
O.T.S. = 70 to 80 KSI 
Y.S. = 50 to 60 KSI (2000 uc offset) 
P.L. = 40 to 50 KSI (20 uc offset) 
E.S. = 20 KSI (N = 107 cycles) 
Kf = 2.00 (threads) · 
E1ongation = 5 to 15% · 
Design l~mits: 

uc (static) = 40,000/10.5 = 3800 (overloads) 
~e (fatigue)_= 20,000/10.5 = 1900 (reversed cyc1es) 
uc (threaded) = 1900/2 = ·950 (no~ina1) 



(e) Bery11iu~-Copper (E = 18.5 x 106 psi) 

Bery1co 25 HT 
Maximum.Hardness (2 hours @ 600°F) 
T.T.S. = 200 to 205 KSI 
O.T.S. -= 200 KSI 
Y.S. = 175 KSI (2000 ~e offset) 
P.L. = 130 KSI (20 -~e offset) -
E.S. = ~O KSI· (N = 107 cycles) 
Kr = 5 (estimated for threads) 
E1oneation = 1 to 3% 
Design 1imits: 

~e (static) = 130>000/18.5 = 1000 (over1oads) 
~e (fatigue) = 40,000/18.5 = 2150 (reversed cycles) 
~t:: ·(threaded) = 2150/5 = 430 (nominal) 

2. Design Principles for Spring Element 

(a) Integral spring (no bits & pieces) 
(b) Maximum strain at gage locations (use flexures) 
(e) Uniform strain over grid area of gage 

-1d) Mihimum straih at gage tabs -
(e) Ga-ge are-a· consistent wi th output· (i'í.V/V) 
(f) Provide adequate heat-sink for power dissipation 
(g) Gage area access~b1e for proper installation 
(h) Rated strain consistent with gage endurance 
(i) 11 Caution 11 \'lith threads:-

Preload if possible 
Avoid 11 las t-engag<? .. d-'thread" -
Use low. nominal~-stress-

(j) Achieve ·maxirnum natural fre~uency: 

Maximum ove~all stiffness 
Minimum overall weight 

(k) Simple structure - easy to machine - low cost 

j. Examples (sk.etches of good de·signs) 

·~") ') 



SESSION IV 
TRANSDUCER DESIGN - ELECTRICAL ASPECTS.· 

lo THE WHEATSTONE BRIDGE CBASIC) 
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3. SEtJSITIVITY. SHIFT DUE TO TH·'IPER!\TURE CIIAr·IGE 
(A) MODULUS OF ELASTICITY (E) OF TRANSDUCER ELEMENT 
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4. Bridge Balance . 
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TYPICAL MODULUS RESISTOR VALUE 
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5. BRIDGE CALIBRATION 
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GENERAL INSTRUCTIONS FOR 
THE SELECTION ANO USE OF . 

TENS-LAC® BRITTLE LACQUER ANO UNDERCOATING 

INTROOUCTION TO BRITTLE LACQUER 

Brittle Lacquers crack at certain strain levels. These cracks occur 
perpendicular to the maximum tensile strains and are present at locations 
where the strain level has exceeded a certain 11 threshold 11 value. Fdr 
Tens-Lac® Brittle Lacquer this threshold is nominally 500.micro-strain 
(~E). In areas where the threshold is not exceededs the lacquer will 
not crack. Since cracks occur where the strain is greatest, stress 
concentrations can be quickly identified. The cracks also show the 
direction of maximum strain at a point which allows for accurate alignment 
of strain gages in arder to obtain precise measurements. Test parts are 
frequently loaded incrementally, and after each load increment, the 
coating is examined for cracks. Areas where cracks occur can be outlined 
with a felt-tipped pen, and the applied load noted. The accuracy of 
brittle lacquer measurements depends on the application of the coating 
as well as variations in temperature and humidity. If ~are is taken in 
the preparation, application, and testing procedure, Tens-Lac® Brittle 
Lacquer, when properly calibrated, can yield quantitative results accurate 
to +lOO~E:. Under optimum conditions, accurácy on the arder of +50~E: 
is possible. -

SURFACE PREPARATION 

It is essential that Tens-LaOID be applied in an oil/water-free environment. 
The test part must be completely free of oil, dirt, rust, and loase 
paint. However, a smooth painted film which is not readily softened by 
the methylene-chloride solvent in Tens-LaCID Brittle Lacquer can be left 
on the test part. Extremely rough castings, and highly porous surfaces 
with numerous indentations, can be filled with an eqoxy. Any raised 
imperfections (e.g., excessive weld splatter scale, should• be ground 
smooth by using a file or rotary grinding wheel. Remove all dirt, 
grease, etc. using solvents which leave no residue·such as Tens-LaOID 
Brittle Lacquer T-1 solvent. · 

THE UNOERCOAT 

Tens-LaOID Brittle Lacquer Undercoat U-10, which consists of a mixture of 
aluminum powder and a carrier solvent, is sprayed on the surface of the 
test part befare applying Tens-LaOID Brittle L~cquer. Undercoating with 
U-10 enhances the visibility of cra~k patterns. Even if the surface is 
bright or shiny, U-10 is recommended so as to p,roduce uniform reflectivity. 
Undercoát also makes it easier to judge the thfc;kness of Tens-Laéi' 
Brittle Lacquer during appli~ation. 
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APPLICATION OF U-10-A UNDERCOAT (AEROSO~S) 

One U-10-A aerosol can will cover approximately 8 to 10 square feet. 
Shake the can vigorously for several minutes to get the aluminum powder 
in suspension. Periodic shaking of the aerosol .can while spray~ng ~ 
also required. Depress the spray head fully wh1re-the aerosol 1s a1med 
off the part, then move parallel to the surface ata distance of three 
to six inches (7~ to 15 cm). Do not release the spray head until the 
aerosol is again beyond the surface of the part. A thin, uniform coating 
is produced and controlled by the speed of each pass, and the distance 
from the spray head to the test part. The coating should héve a wet 
appearance immediately after spraying, but will dry toa flat finish in 
15 - 30 minutes. 

After drying, it is recommended that the surface be brushed gently with, 
a clean tissue or cloth to remove any dust which mªy adhere to the U-10 
undercoat. Undesirable undercoát dust contributes to excessive bubbles 
in the Tens'-Lac® Brittle Lacquer coating. 

Spray head clogging is unlikely. If clogging occurs, a 90° rotation of 
the spray head will usual)y alleviate the problem. An extra spray head 
is supplied with each can (found inside the lid). Remove the old spray 
head and wash out the nozzle hole in the U-10 aerosol can with alcohol. 
Install the·new spray head before the alcohol dries. A lubricant, such 
as vegetable oil, may be used to_ease insertion of the new spray head. 
If oil is usea, be sure to clean out thenew spray head by sprayi~g __ the 
aerosol ·for~two· to five se-conos -nftó a w-aste confaTner·.--- Spray heads for 
Tens-LadiD Brittle Lacquer and U-10 Undercoat are different and not 
interchangeable. 

APPLICATIONS OF U-10-B UNDERCOAT (BULK SYSTEMS) 

The U-10-B is applied to the surface of ~he test part using a hand held 
spray gun connected to a remate air supply. · The air supply must be 
comQl~tely __ f_r~-~ Q[ oi 1 and water.~_LLis strongly. recommended that ~ -- ~~-
separa te ~u~s be used when a~plying-rens-Lac® Brittle Lacguer and Undercoat 
as this m1n1mizes~ possib1lity of contam1nating the Tens-Lac® Brittle 
Lacquer. Fluid carrying hoses should be Photolastic's type XFH, other 
hoses can deteriorate when éxposed to the methylene-chloride carrier 
solvent. The canister of the spray gun must be agitated periodically to 
prevent the aluminum particles from settling. 

Spray gun pressure can vary with the type of gun used. Excessive pressure 
will cause the underco~t to be deposited too dry and dusty. With the 
pressure properly adjusted, th~ undercoat should initially appear wet, 
but not run on a vertical surface. Allow 30 minutes for the undercoat 
to dry before applying Tens-Lac® Brittle Lacquer. 

Immediately after application of the undercoat, clean 'the spray gun, 
hoses, and fluid cup, by spraying T-2 solvent followed by T-1 solvent 
th~ough the system. 

SELECTING THE PROPER TENS-LAC® BRITTLE LACQUER 

Selecting the proper lacquer is done with the selection chart (see 
Fig. 1). Your anticipation of the temperature and the relative humidity 
at the time of testing will determine the proper lacquer. 

_) 
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For example, if the anticipated test temperature will be 70°F (21.1°C) 
and the relative humidity will be 50%, the proper coating indicated by 
the selection chart would be TL-500-75. At test conditions of 70°F 
(21.1DC) and 30% relative hUmidity, the proper coating could be either 
TL-500-75 or TL-500-70. The higher number (TL-500-75) would have better 
sensitivity (lower threshold) while the TL-500-70 would crack at higher 
strain levels. The lacquer will normally begin to crack when a nominal 
strain ievel of 500~E is reached. However, an increase in temperature 
or relative humidity will also increase the threshold of the brittle 
coating causing a loss of sensitivity. At thresholds greater than 700~E, 
the resultant cracks will not always remain open after removing the 
load, and it may be necessary to observe the crack patterns on the test 
part while under load. The threshold of Tens-Lac® Brittle Lacquer can 
be lowered by decreasing the temperature. However, there is a practical 
lower threshold limit of 300~E. Below this level Tens-Lac® Brittle 
Lacquer enters a high state of internal tension and random cracking 
called 11 Craz_ing'' occurs (see Fig. 2). These random cracks make testing 
very difficult, and it may be best to respray the part. 

TENS-LAC BRITTLE LACQUER - SELECTION CHAI!T -¡---..... ........ ¡....._ 

:-----... t--.. 
"-.. t---. 

--......... 
~ "" ¡-..... ~ Ton~-Lcc Typo No. - t-- ¡........_ r---.. 
~ 

-.. --.. ""-
~ 

....... - TL -500-lGO-- X - r-- r--.. ...... 
:-----::: --.. o;o;:;:: ¡---_ 

TL-500-06-X 

........ -.. r-. t-.. r-- -- TL-500-80-X 

........ 
--......... r-. ......_ 

--~--
......_ --.. ¡...._ TL-500-15-X 

~ r-. ~ ......_ ~ --.. -....... -.. r--- ~TL-500-80-X 

--......... r--- ---- --.. -TL-500-111-X - --.. t----1--- -- --.. - r-- TL-500-10-X 

'--- --r---:::-r TL -500--A-- X - -----
TL-500-GO--X -t--f-- -t-- t- TL -500-110-X - 1--1--t--1--1--

t- TL -!100-40- X 

!J 10 lO JO 40 10 ID JO 11) 80 100 

RELATive HUM•o•rv - PERCENr F i g u r.e 2 

Figure 1 

GENERAL SPRAY TECHNIQUES FOR-TENS-LAC® BRITTLE LACOUER 

The development of good spray techniques is essential in arder to obtain 
perceptable crack patterns. An important point is tG avoid producing an 
excess of bubbles. Spray_ing too far from the part (depositing dust), or 
spraying too thick a coat (trapping solvents), can produce too many 
bubbles. If too many bubbles are present in the coating, the crack 
patterns wi 11 be di ffi cult to detect. Tens-Lac® Brittl e Lacquer shoul d 
b~ applied in relatively thin, wet layers, allowing approximately two 
~1nutes between coats. This method permits the carrier solvents to 
evaporate. Thin coatings are produced by moving quickly over the part. 
W~t coatings are produced by decreasing the distance from spray head to 
the test part. 
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Sufficient layers of 8 to 12 coats will produce the desired thickness of 
.003 11 to .006" (0.08 to O.l5mm). A uniform thickness is seen by noting 
the variations in ~olor of the coating. Lighter colored areas indicate 
a thinner c:oating~where more material needs to be added. It is advisable 
to practice the sprayi~g technique on sorne calibration bars befare doing 
an actual test. A micrometer can ·be used to relate the thickness of a 
coating to the shade of green. 

The best lacquer surface is not a flat one, but one that is glossy with 
an "orange peel 11 appearance. 11 0range peel" surfaces crack in a more 
repeatable and predictable manner than flat coatings. Spraying in 
highly humid areas (over 50% R.H.) may produce a 11 blush" effect caused 
by water condensing on the cooled surface. Each new coat will dissolve 
the previous blush. Wait 15 minutes befare applying the last coat. 

SPRAY TECHNIQUES (AEROSOL) 

It is not necessary to shake Tens-Lac® Brittle Lacquer in the aerosol 
cans. Howe~er, if the spray head becomes clogged, an extra nozzle is 
supplied with each can (found inside the lid). · Remove the old nozzle 
and install the new nozzle following the same procedure as mentioned 
earlier for t~e Undercoat u~1o aerosol cans. 

Remember, spray heads for Tens-Lac® Brittle Lacquer and U-10 are different 
and not interchangeable. 

The average distanaeofor spraying Tens-Lac® Brittle Lacquer aerosols is 
ai:JQ!It ~ •. i n.c:hes ( 13 ~cm}. ~The~~surface tempera tu re 'Of the test ·part· wi Tl -
drop slightly dueto evaporation of the solvents and,from the propellant 
in the aerosol can. Thus, the test part needs sufficient time to recover 
befare the next coat is applied (typically 2 min.). rhis is especially 
true of thin metal and plastic parts. 

SPRAYING TECHNIQUES {BULK SPRAY)* 

It is important to have an air supply free of oil. and water fQr. any bulk, .. ~ -­
s·pray-s.ys~tem~;-~~l'f~a--remote-fErecr·~;s-~u·sea~ the fluld hose should be. Photolastic•s 
XFH Flu1d Hose. Other fluid hoses can contaminate the Tens-Lac® Brittle 
Lacquer and change its properties. The air pressure ne~ded to spray 
Tens-LadiD Brittle Lacquer can vary with different guns. If the pressure 
is too low, the Tens-LadiD Brittle Lacquer may be heavy apd run. If the 

· ai r pressure i s too hi gh, the Tens-LadiD Bri ttl e Lacquer inay be deposi ted 
as dust and the cracks can be difffcult to detect. Propqrly adjusted 
air pressure should deposit the Tens-Lac® Brittle Lacquer~ to appear 
initially wet, but not run on a vertical surface. After spraying, the 
gun and system components should be thoroughly cleaned by using T-1. 

DRYING CONDITIONS FOR TENS-LAC® BRITTLE LACQUER 

Parts should be sprayed at ambient conditions, and dried 20-24 hours at 
5°F or 10°F (2.8°C to 5.6°C) above the grade of material selected. 
After drying, the part should be cooled slowly to the environmental test 
conditions. · Rapid cooling will result in 11 Crazing" of the brittle 
coating. For parts to be tested below 70°F (21.1 C), spray and dry the 

*The Photo1astic ModeJ TBS-3 System is recommended 



coating at 7QDF (21.1°C) or abo~e for 20-24 hours, and then reduce the 
temperature slowly to test conditions. Temperature equilibrium must be 
reached before proceedi~g with the test. 

ALTERNATE DRYING: ELEVATED TEMPERATURE 

In some.cases, testing requirements dictate that the part be tested in 
the shortest possi~le time. Preferably the same day as the Tens-Lac® 
Brittle Lacquer is applied. For these applications it is suggested that 
the Tens-Lac® Brittle Lacquer coated part and calibration beams be force 
dryed at an elevated temperature. Allow ~ to 1 hour of normal drying 
time at room temperature. Place and cure the coated part and calibration 
beams in an oven set at lQQOF (37.8°C) for several hours (3-5). Cool 
the coated part and cálibration beams to the test temperature. When the 
coated part and beams are at the test temperature proceed with the 
calibration of the bars and testing of the coated part. The threshold 
of the Tens-Lac® Brittle Lacquer might be slightly higher due to the 
elevated temperature _cure. 

TESTING CONSIDERATIONS 

Always prepare an ample supply of calibration beams (typically four or 
more). The beams should be sprayed with undercoat and Tens-Lac® Brittle 
Lacquer in exactly the same manner and at the same time as the test 
parL During the cure, it is very important that the cal ibration bars 
and test part experi ence- i-den_ti ca 1 temperature and humi di ty conditi ons. 
Whenever possible, the bars shou}d.be placed directly on the test part 
during the cure cycle. Further, it fs desirable to load the calibration 
beams over the same .length of time that ft takes to load the test part. 
This compensates for creep, or stress relaxation in the Tens-Lac® Brittle 
Lacquer which can in turn influence the threshold sensitivity. 

Cracks are mor~ easily observed when the part is under load and viewed 
using a portable light source such as·a flashlight. Direct the light at 
an angle of approximately 30 degrees with the coated surface. 

It is convenient to outline the crack patterns using a felt tipped pen. 
The outlines are easier to photograph than the cracks themselves. 

For examining th~ crack patterns during successive loads or incremental 
loading, reduce the load to zero between each load increment. Zero load 
should be maintained for twice the duration of the previous load increme~t 
before re-loading to the next level. 

COMPRESSION TESTING 

While brittle coatings are used mainly for locating tensile strains, it 
is possible to locate areas of compressive strains. This is achieved by 
loading the test specimen ·first and then applying and drying 
Tens-Lac® Brittle Lacquer. After the proper drying time has elasped, 
the specimen can be unloaded, and the coating will crack showing areas 
of compression. This occurs when the unloaded compression strains show 
up as -tension strains in the coating. Special calibration procedures 
are not required. 

· Another m_ethod of measuring compression is tp coat and load the specimen 
in the normal manner, but rnaintain the load for 3 to 5 hours. During 

5 



6 

this periGJ the Tens-Lac® Brittle Lacquer relaxes, and when the load is 
f~nally removed, the released compression strains appear as tension in 
the cracked coating. In these instances it is reasonable to calibrate 
in a like manner. The sprayed calibration beams should be installed in 
the Tens-Lac® Brittle Lacquer C-220 Calibrator with the sprayed side 
down. A small clamp,. dead weight, etc. will ·hold the beam in its full 
deflected position while the'lacquer relaxes. The calibration beam 
should be released at the same time the test part is unloaded. 

INSTRUCTIONS FOR TENS-LAC® BRITTLE LACQUER CALIBRATOR C-220 

The Calibrator is a convenient, lightweight device for determi~ing the 
threshold of your Tens-Lac® Brittle Lacquer. 

l. Spray a calibration bar on one side except for an area or i 11 to 
1-!z11 at one end. Spray it with the same number of coats, at 
the same time, and same place as the test p_art is sprayed: Keep the. 
calibration bars with the test part so the bars experience the 
same cure history as the part. This is very important. 

.. ' -·. 

2. At the time of test, put the uncoated end bf the bar into the calibraton_ 
as shown in Figure 3. 

3. Set the strain range selected by turning it until a knob aligns with 
the strain scale for the range ~esired. The 300 to 1500 microinches/ 
inch range will be used most often. Even high threshold coatings 
(above 1500 microinches/inch)should~be~checked.on~the 300 to 1500 
sca"1e first. 

4. Depress the bar until it touches the range selector stop. Important: 
Place your thumb directly over the stop - not at the end of beam. 

5. The first full crack on the bar that is toward the low end of the 
strain scale (toward you) is the threshold of the lacquer tested. 
Match this crack with the correct strain scale. Cracks are most 

---- ~~~eas i ly~ooserved WH I LE UNDER tóAo~AND~by-·navfng· -rh·e 1 i ght éome from 
oehind you as you look at the oar at a shallow angle. 

6. Each calibrator has been adjusted a~d individually calibrated at the 
factory to produce the correct.strain fields in a one-eighth inch 
thick bar. Therefore do not remove the lacquer from the calibrator 
bars by sanding or mechanical abrasion. Under the proper ventilation 
conditions remove the lacquer with Tens-Lac® thinner arid the Under­
coating with T-2. 

Figure 3 · 
"'· 

-·.:}.: . .J.~ -:- ' . 

·' ' 
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Chapter .xxi:i: I ROSETTE ANALYSIS 

1. Reason for Rosette Analysis 

At any point on a free (unloaded) surface of: a solid it is neces­
sary to know three independent quantities in order to specify the state 
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of stress completely. These quantities are the magnitudes of the two 
principal stresses; ({¡ and 0"2, and their directions 1 9 or <<9 + 90°) 1 

with respect to sorne reference. 

For isotropi~ elastic materials the•e values can be calculated 
from strains measured on the surface at the point in question*, and 
since th:ree :!.ndependent quantities are to be det&rmined, in general, 
! t. will be nece:Hlary to ma:-<::a three inclependent me-asurements of strain o 
There are 1 however, some special situntions in which one or two oL­
servations of strain will euffice to provide the information necessary 
for completely ~stablishing the ~tate o! -stresao 

2o Stress Fields 

(a) Spec:l.A.l Case o! Ún1axial Stress (Si:np!e Ten~ion or __ Compr_essJon) -~~~--

In the case of aim~la tension or compression, one knows that the 
ditccticns o! t:.e pr1nc1~al stress axes will bo parallel and perpendictilar 
to the direct!on of the .npplied force, or load, •nd that the megnitude of 
tha principal ~tiess ~hose direction is at rigbt anglas to the lcad will 
be zeroo 

This means that two of the three quantities are known from the pre­
vaiU nz ph~·s!c~l.- condi t::.pn~:~,~,~--On ,this-~account-,~:s:t-~ will ~tnEffefórei- oe-~ 

- --~~-~-- ÍleCGSS~ary-to m-akA Only a S.ing:!.e ObServatiOD Of the strain along th~ 
direction of the load in ordGr to determioe the or.e remaining un~~own 
quantity, For a.n elastic boc!:,·, the stress may be calculated as fcllo'.\'S: 

l 

• It will b~ well to driw attention to the fact that,·although one refers 
to the stress condition at a point, the·~anner of measuring the s~rain 
gives the gvercgc over a small distance~ ·There~ore, from the practica! 
point of view, the resulte of a set o! rosette observations will approxi­
mate .the average conditions over a small area. This is not objectionab!e 
as long as ~he length over which the strain is measured is short enough so 
that there is relatively little change from one end to the othero The 
gage length will therefore depend upon the str~i~ gra~ient and may run 
from small (1/32" or l/16") valu.es to as c-.uch as 6 or 8 1nches or even 
more, 
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where 

(f ::s E x. € 

rr= 
E = 
e= 

the stress intensity* 
the Modulus of Elasticity of the Material 
the measured ·strain (+ for tension and ~ for 
compression) 

(l) 

(b) Special Case of _Biaxial Stress (Principal Stress Directions 
are K.!lown)_ . 

. In a few sp<loial cases, in which the dire·ctions of the principal 
stress,axes (&ng'e ~)can be established by auxiliary means such ns' 
cónditio~s of symmetry, or through a previous application of Stress~oat, 
there. are only two unk_nowns 1 c:J 1 and ·cr 2, the. principal stress magni­
tudes~ to be dct0rmined 0 These can be found by measuring the corres­
pond_ing principal strains,. € 1 nnd € 2 , in the direct!ons of the princi- ·· 
pal·s~ress axes, and calculnting the ~alues from equations (2) an~ (3), 
which have been devel_oped on the assuruption that the f.laterial is ::!las­
tic and isotropico 

... = 
E, 

X ( t'¡ +f€2) (2) l . 2 
1 -JJ-

ct, E 
cp€ 1 +e 2> (3) = X 

~ 

l -fA 2 

where Ci¡ = the algebra!cally larger principal stress intensity 
tf = the algebra!cally smaller principal stress !ntcnstty e2 = the a.!gebraically la~ger principal strain 
€1 = the algebraically smaller princ!pal strain 2 
E = the Modulus of Elasticity of the Material 
!-'- • rO issvu t S Ratio 

For later use 1t w111 be more convenient to expresa the values of 
the principal stresses in the form 

~1 a E { 1 
A B } (2a) + -}'- 1 +r-

(f2 ::111 E [ A !~1 (3a) 1-,.... 1 

• If the stress is tension,cf represents cr1 , the algebraically larger 
principal stress and Cí2 =o, whereas if the stress is com~ression crl a 

O and O'" corresponda to<J 2•. the algeoraically srr.aller ·principal stress. 
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e + r= 
A· 1 2 the hydrostatic component of strain and ~ = 2 corresponde to the center of Mohrís Circle 

where 

and 
el -€ 

B 
2 the shear component of strain and·cort'es-= :; 

2 ponds to the r&dius of Mohr's Circleo\ 

(e) ~ Thc General Case-· 

In many instances, neither the magnitudes of the princi~al _;i~esses 
nor the dir€ct1ons of their axcs will be kuowno This roet.ns tha.t for a 
6omplete descitption of the state of stress, at any ~articulat poiri~, 
three ind~pendent quantities must be found. In.consequence, it will be 
n~~e~s~ry to make three measu~ements of linear strain in differ~nt di-

.. rectiOils,. ancf, from. these three observation.s 1 to compute· ·the tvio principal 
stress magnitud_es and the directions of the axes. 

y 

Figure 1 

Fgr example, Fig~ l illustrates a pair of refe~ence axes, OX.~nd 
OY (90 ap~rt), and three otheriaxes, OA, OB, and OC, mal,ing angles 
ea, 9b, and 9 e• respectively/ with tbe re:ference axis OXo The axes 
OA, OB, and OC, form what is described as a "Rosette" and, if corres­
ponding ·11near ~trains € 8 , e b, and é 0 , are measured in their re­
spective directions, one can calc~late the linear and shear1ng strairis, 
€ x' € y' and ~xy' corresponding to the OX and OY axes of reference, 
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The values of €x• € Y' and ~ xy• are calcula.ted in ter:ns of the 
mea.sured strains € € and € , from ·the simultaneous solution · 

' a' b' e of the equa.tions (4) 1 (5), and (6)o 

+ e S1n
2 9 Y a 

+ ~ xy Sin e a Ces 9 a (4) 

C'b - ~x Cos2 e b ,.. € y Sin2 e b + y Si"" e Ces é (5) e - ~ · o xy •• b . b 

e ~ 2~ 
::a e; Ces 1:1 

e x e 
+ € Sin~ 8 

Y e 
+ ~ Sin e Cos e e (6) , 

xy e 

where Linear strain in the direction of the OX axes 
Linear atrain in the direction o~ the OY axes 
Shear strain referred to the OX and OY axes 

When t 1 € , and ~ 1 ha ve been determinad by the simul taneous 
aolution ofxequations (4~~ (5), and (6) 1 the prinQipal strains may be 
fo~nd from the exprassions 

' ex +€r J :t 1 
1 (t t 2 ;:::1 + 2 - ) 

2 . X - y 
+ ~xy2 (7) 

= A + B (7a) 

and 
tX +E J € .. y 1 

( Gx - e: ) 2 = 2 2 2 y 
(8) 

a A B (S a) 

The magnitudes of the principal stresses. are then dete::-mined from 
equations (2) and (3) or (2a) and (3a) and the directions from the ratio 
of the quantities under the radical in (7) or (8) above 1 since, 

tan 2 c:f> 
Ex- Ey 
~xy (9) 

· where the angle of ene of the principal a.xes with respect to the 
axis of referencia, (The distiriction between the two princi­
pal axes will be considerad later,) 
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3t Rosette Geometry 

Theoretically tbe relativa directions of strain measurement (Angles 
e a• e b• ande e> are of no' particular importance, howaver, from the 

practical corisideration of solving the equations one finds that certain 
preferred orientations permit of mucb simpler reduction of the strains 
into terms of stresso 

At the presont time tbere are four generally acoepted arrangements 
of the gage axes for strain rosettes, Basically there are just two 
arrar.ge~ents, the rectangu!ar, and equiengular, but each of these has 
a modificat!on involving a redundant fourth observation of strain, 

(a' Basic Arrangemer.ts !nvolving Three Observations of Strain 

.e 

1,. The Rectangular Rosette in which the three gage axes are 
l.Úd out at <-5v-;~ so" to each other as shown in Fig. 2. 

e 

- or~-

A 

. Figure 2 

2, The Equiangular or Delta Rosette in_wbicb the three gage 
axes are l~id oqt parallel to the sidas of an equilateral 
triangle. Tc~s type of rosette has the most desirable 
orientatians of the directions of strain observation but 
the equations for computing the stress values are not 
quite so simple as those of the rectangular rosette, which 
for this reason, is preferred by many investigators. 
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B 

A 
120~ 

A 

e 

Figure 3 

(b) Modified Arrsngemcnts Involving Four Observations of Strain 

1~ The Rectangular or Fen Type Ro~ette with the four gage 
-axes 45° apart as indica'ted 1:::1 Fig. 4 0 Although the 

fourth observation is theoretically unnecessary, nover­
theless, it provides a convenient means of checking the 
observat:iohs since the sum of the strains in any two 
oi.rectione at right angles should be a constant for a 
given set of conditions, that is 8 

( € a + € e) = ( e b + € <s' 
e 

Figure 4 
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2, The Tee-Delta (T- A) Rosette is essentially the same as 
t~e equiangular arrangement with the nddition of a fourth 
observation which is made at right a~gles to the direc­
tion of ene of the other three. It is claimed that this 
form of rosette has all the desirable characteristics of 
the equiangular type plus the advantage of a little more 
pr~cise determination of the hydrostatic component of 
strain at the reference po1nt 1 if this coincides with 
the intersection of two~perpendicular gage axesa 

Figure 5 

4, Ano.ly't 1 CR_!_E.?_l U t :l. o~;; 

(a) The Rectangular Rosette (With Three Observations of Strain) 

' If the OA axis of the rosette (Fig~ ·1) is'taken as the referenc~, 
-and con¡¡¡:!.dered as coincident~wnnox, tllen, fo_r._the.~ arrangement of the 
strain gage a~cs 1n the rectangular rosette (F1go 2), 

e ~ o eb = 45° G r:: 90° 
a o 

and 

Cos ~ l Cos eb 
1 

Coa 9 o ~ =- ::r 
a fi o 

Sin é o Sin E>b 
1 

Sin 9 1 = =- = a J2 o 

By substituting these pal.'ticular values of the trigonometric 
funotions into equations (4) 1 (5), and (6), one obtains the relations 

Ea = € (1)2 + € (0)2 .+ '(f· (O) (1) (lO) 
X y xy 

1:.. )2 . 2 
'(X~~ Y):) €b .::r €x.J2 + €ifa) + (U) 

E e E <o>2 
. 2 

~ xy (l) ~O) a + € (1). + (12) 
X y 



596 

Chapter XXIII ROSETTE ANALYSIS . 

€ 
l 

.: €2 

= 

= 

= 

2 

A 

ta + 
2 

·A 

€e 

+ 

+ 

1 
- 2 

B 

B 

~€1) - ( €a +€e~ 2 

'(lO) 

(l6a) 

r2 Eb -.. e € +e 51 2 l.: . a c..J 
(11) 

(l7n) 

These values of €-¡ ar.d t 2 may now be employed ·in equations (2) ·and 
(3) i.n. order to determine the principal stresses, ~1 and 0"'2• However, 
in most cases, one does not need to know the numcrical values of the prin­
cipal strains; therefore, a little. time·and .effort can be saved by us~ng • 
equations (2a), (3a), (l6a) and (17a). since for this type of rosette 

€a +€ 
A 

e 
:::: 

2 
(18) 

and 

B 
1 J <€. -e >2 -~Eb ... cea +€e>] 2 

= - + 2 e 
(19) 

from which the values of the principal stresses can be expressed directly 
in terms of the stra!n observations on the rosette, as follows: 
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2} , (J"l f€• +€e 1 J <€. - € e) 
2 

+ [ 2 € b- ( .€ a + € e) J = E 2(1 ~-f-) + 2Ü+f-) 
(20) 

()2 r· •éc l J ( €. -€ '2 + [2€b·<e +€ >] 2} ~ 
E 2(l .. r> 2(l+f) -e a e 

(21) 

Mathematically,equations (20) and (21) are not in the si~plest form, 
but the form given lends itself better to the determinat1on of the 
directions of the principal stress axes, 

Determination cf the Directions of the Principal Stress Axes 

By·substituting equations (13), (l4), anc! (15) into equation (9) 
one obtains the expression 

tan 2 1' = 
- <e a (22) 

•htch y1elds t~o values of ~ • bne value correoponds to each princip~l 
stress· axis but which of the two axes corresponds to cr 

1 
, the algebraic":" 

ally larger principal stress? 

'1 
rn the literatura, no uniform convention has been adoptad by tbe 

vario~s writers on the subject and in consequence there is ari apparent 
confusion which necessi tates the exarcise of QK.t.r_eme care in~making ·one-' s­

~~~-~---- .interpl'etat-ion of- the~physical sfgnTficance of the values computad for 
·i;he angle tj . 

Fortunately a check can always be 111ade by :;ketching Mohr' s diagr.am 
froru which the following rules can be establishcd 

Definition& 

Let q> 1 a the angla measured (positiva in the anti-clockwise 
direction) from the positiva OA axis 9f the strain 
rosette to the pos1tive 01 axis which corresponds 

.to the direction of ~l' 

Rules (to be proved later) 

When· e b) _€_a_::::--€..;.c 1' 1 , l1es between O aqd +90° 
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+€ €B 
<j' 1' 2. When €'b(_ 

e lies between O ~nd -90 
2 

3. 

r 
·2 

o 

When 

and 

eb 

(a) 

-(b) 

€a 
= 

ea 
€ a 

"!" ée 
2 

)·€' e 

< € e 

A= 

E'b 

~a+ fe 

2 

€ = el and qJl a 

€ = € 2 and 11 a 

Figure 6 

Mobr's Circle for the Rectangular Rosette 
(with three observations ot strain) 

o 

= o 

::; t 90° 

-
.o 

"' N .......... _, .. 
n 
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Proof of Rules' 

An inspection of the diagram, Fig. 6, shows that the strains € a 1 

€ b, and € 0 , are represented by points A, B, and e, on the circumfer­
ence of the cirele and at the ends of the radial lines which are 90° = 
(2 x 45°) apart taken in the same sequence as the rosette axes whieh 
are 450 apart. 

If the point A lies anywhere along the serni-eircumferenee below. 
the abeissa, the1~ the angle 2<?¡, will be positive, and have valu·=s 
between O and 180°, so that ~ 1 wi 11 be between O and 90°. I f th~ 
point A happens to lie on the semi-circumferenee above the abeiss~, 

· thén the angle 2 c9 1 will lie between O and -180° and <9 1 wi 11 be 
between O and -90°. 

How can one tell whether point A is above or below the abcissa 'on 
the Mohr ~diagram? 

A stuay~ of Fig~ 
whenever point B js 

when €b) E.a +r,é e 
..:. 

6 shows that point A will lie below the abcissa 
to the right of the center of the circle, that is, . 

Point A will be above the abeissa when 
i 

€b<€a + €e 
. 2. 

and will lie on the a;beissa whcn € =e-a + e e • 
i b 2 

(a) . ~ 
1 

will lie between O anc¡I +900 when 
.1 

t 
t:. --- Ec 

o 

-Ea 

(b) 

Mohr Diagram for €b > € a + 
2 

€e 

Figure 7 

.·~ 
1 

w!ll lie between O and -goo when 

2 e 

JtQsette 
J)iagram 

Ca+ é cb <-~2 __ c 
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A 
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o €2 

~ 

~ 
€a + 

2 

E" e 
--;... 

Mohr D!agram € ( €a + € e 
b 2 

Figure. 8 

(e) when 
€ :a· €a + €e 

b 2 

~l- = o 1f € a> € e 
' q> 1 = 90° if € a< €e 1 

i' ' €a + E"e 
2~Eb=---

2 
B 

Mohr Diagram 

For case in which €·b = 

Figure 9 (a) 

e 

o 

.Rosette 
Diagram 

--C 2 

Rosette 
Diagram 

~nd € ) t a e 

A 

1 
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---------,!3> 

2 ~1 

Mohr Diagram 

€ = 
€a+Ec 

For case in which b 
2 

o 
Ole 

e 1 ,, 

B 

Rosette 
Diagram· 

(b) The Equiangular or Delta (A ) Ro~ 

2 

A 

Following the prev:i.ous procedure 1 in which the OA axis of the 
rosette is taken coincident with the OX axis of reference, fcr this 
arrangement gives 

and 

Cos e 
8 

= 1 

Sin 9 .a O 
a 

Cos 9 b = - 1/2 

Sin S b = "3/2 

~os e = - 1/2 e 

S in S e = - .f3/2 
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Upon s•1bsti tution of these .values in eque.tions (4), (5) 
1 

and (6), 
tbere resulte 

€ = € (1)2 + €. (0)2 a X . '1 
+ ~ xy (O) (1) (23) 

Eb= 
1 2 e ~ ~ >2 E <- -> + X 2 '1 2 . . 

V J3 1 
0 xy<2><- 2> + (24) 

1 2 € (-..13) 
2 

€0 1:11 e <- :...., + X 2 '1 2 + 
V .J3 1 o (- -)(- -) xy 2 2 (25) 

wbicb reduce to 
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/ 

€b = 
€x + 4 

€. €x 
+ = 4 e 

Addíng (27) and (28) gives 

:S 

~€ -
-'1 y 

2-é'y + 
4 

~~. 
4 xy 

V3 . . 
4 'txy 

+' .2....€ 2 y 

(26) 

(27) 

(28) 

(29) 

Introductio::l of € for € accordin~ to equat:'.o!l (26) above ·results in 
a x . 

= 
ea 
2 + 

f.t-om which 

'·€ l 
(2€b 2€ -e > (3C) 

' = 3 + j y e a 
.! . 
. By subtract ing equation (27) from (28) 
~ .f3 '( € .. € = 2 xy e b 

r xy 
2 ( € e -é ) (31) 01' =~-X 3 b 

We may now proceed to the evaluat1on of the p!'incipal strains in 
terms o:t the rosette observations by setting up th., expressions for A 
e.nd B. 

·- A = 
€ X + € y . . E a + j (2 E:b' + 2 E e - t a) 2 = ------------~~2----~~----~ 
ea +e b +e e 

3 (32) 

B = j J ( € X - € y) 2 , + J{ xy 2, 

l 
= -2 

2 ' . 2 
-e > 1 + { ! < € -e >l a J {3 e b J 

{ € -- !. e € .+ e . + e > l 2 +{ ! ' ' -e >} 2 _ a 3 a b e } fi e ll 
(33)* 

* A more concisa mathematical form has been given by Mindlin, but 
the above saves a few steps in the numerical solutiono · 
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el= A + B (7a) €2= A ... B (S a) 

tl= 
€'a+Eb+€c +}{e. 1 } 

2 

4ec-fbr -- (E a + G b + € e) .f3 3 3 

E +€b+E: 
{ 1 } 

2 {é e- E b }
2 

€2= a e - e a - 3 ( € a + € b + € e) + 3 . 3 

~Y substituting the values of A and B, equations (32) and (33), 
into equations (2a) and (3a), the principal stresses in te1·ms of the 
equiangular rosette observations are found to be 

1 

-1 
l + ¡:.. 

(34) 

(35) 

The angular orientation ·of the principal stress axes may now be 
found by taking the rat!o of t~e_ R4~~~1ties unde~ the radical in equa­
tion (36) or (37). That -fs eqtlivalent to suostituting the values from 
equations (26), (30), and (31) :fJlto equation (9), which will yie~d~~~ ~---

ten 2 cj> = (38) 

Sinee the solution of equ~tion (38) yields two values for the 
angle t$}· , one muct establ:ish some means of determluing which of them 
corresponds to t!:.e ang:!.e ~ 

1
• The following l'Ules, to be proved ·later, 

will answer the quest!on, 

1. · When E e ) € b 

2 0 When € b ) € e 

When € · -
b 

(b) If t a ( € b = € e 

lies between O and + 90° 

lies between O and - 90° 

€ á = e 1 and ~ 1 Cl o 

t a = t 2 and ~ 1 a +90° 
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Proof of the.Rules 

Since the gage axes of the equiangular rosette are inclined at 
120° (or 60°) relaiive· to each other, the points which represent the 
corresponding strains on the circumference of M~hr's circle will be 
l~cated at the vert:l.ces of an equilateral· triangle ACB ae in~icated in 
Fig, 11 (e) e* 

B 

A 

1 
e e 

(a) 

y 
2 

A 
o ez. 

(b) ""1! 
eb 

Gage Axes and Mohr Diagram 
Equiangular Rosette 

Figure 11 

e, 

•IR (e) 

A study of the d1egra.m reveals that as the strains € 
8

, é b~ and 
~ 0 , vary, the triangle ACB will rotate about 1ts centroid, which is 

located at tbe center of the circle: 

*The Reader's attention is drawn particularly to the observation that 
if one starts at point A an.d fol1ows around the circumference o:f Mohr' s 
circle in the ant1clockw1se direction, the next station reached will be 
point C, On first thou~ht, this might appear to b~ an erro~, s~nce in 
going around the rosett~ axes in the same directio~, axis B follows 
axis A as shown in Fig, ll(a), The apparent discrepancy is causad by 
the fact that the angular displacementa are doubled in Mohr's d!agram. 

. . 1 
If one extends the axis OC into the positio~OC shown in Fig, ll(b), 
then the reason for the rel&tive pos!tions of the point.s A, B1 ánd e 
on the circumference o:f Mohr 1s circle should be olear, 

e 
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lf tbe point A happens to fall at the extreme left of the circum­
ferenca of the circle, Fig. 12(a), th~n, since the centroid of ACB lies 
on the ~bcissa, es is at right angles to OA wh!ch means that ec = €b 
Also, becauee A· is at the e~treme left of the circle € a = € 2• the • 
algebraically smaller principal strain, From the diagram it is seen 
that 2 <F 1 = :. 180° and therefore <9 1 = !. eoo, which substantiates rule 
3 (b) •. 

B l 

\ 

--+A-:~;;..._-------1---11~€- € ~ 
. 1 

(a) (~) 

.. ·Mohr -o1agram- · Rosetto & Principal Strain Axes 

Equiangular Rosette.• Special case in wbich, 

and Al = !. 90° . T 1 

Figure 12 

lf the relativa values of e 1 € b' and € are now ·Cbanged SO that a , e 

605 

the triangle ACB rotatee in an ant1clockwise direction from the position 

in Figo l2(a), € b wil1 become smaller than e
0

, and point A will .move 

on to the lower half -of the circumterence of the circle, Under these 

co~ditio·ns tbe angla 2cf 1 will be between O and + 180° and 4>
1 

between 
. o· . .. .. -- - -

O a~d +90' as shown in F1g, 13 and stated in rule l. 
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y 
2 atl(. 

(a) Mohr Di~gram (b) Roset'te & Principal StrainAxes 

Equiangulror Rosette - Case in which t' e ) € b 

o .. < 2f3. ( +l'sp
0

'. o < c9 1 < +90° 

Figure 13 

When ~he trianble ACB has finally rotated through 180° the point': 
A will have moved along tho entire lower semi-circumference of tha circle 
and taken up the position shown in Figure 14(a), such that 2~ 1 =O~ 
~ 1 = O, € a = E' l• and since A is again on the abcissa € e = €· b• 
This time e a) e e = € b and rule 3(a) is ~a:tisf-ied. 

~ é'"a, >" 2 
. 4-~-~ __ , 

A 

e, o e 1 

(a) Mohr Diagram (b) -Rosette & Principal Strain Axes 
Equiangular Rosette - Special case in which 

Figure 14 
€ a = € 1 ~~ ,~\.1 = 

0 

1 

A 



r.' 
- ··'·1-···-· 

; / 

607 

Chapter XXIII ROSETTE ANALYSIS 

When the strains are further altered so that the continuad rotation 
of the triangle causes the point A to mo~e on to the semi-circumferenee 
above the ábeissa 1 then aceording to definition, 2~1 beeomes negativa 
and will 1 ie between O and -llJ0°, and € b will be larger than € e unt 11 
A returns to the position eorresponding to € 2 where equality is again 
established between € b and € e• This establishes rule 2 and is 1nd1-
cated in Fig, 15, 

y 
2 edil.~--

o € 
.,2. 

A 

€, 
e A 

¡: 1 

(a) Mo!lr Diagra.m (b) Rosette and Pr.incipal Stra!n Axes 

Ec¡u1anguh.1· Rosette Spec.ial Case in wh:!..ch € b ) é e · 

(e) 

~ . o 
. 2 .,.. 

1 
Hes between O and -180 

... 90 ,< e? 1 <. o 

1 Figure 15 
.. 
1 
1 

ROSETTBS. WITH :FOUR STRAIN OBSERVAT!ONS 

?he Rectane-ular R.ose/tte wi th Four Observat.ions 

1 B 
so0 1/ 

e 
D 

~" 45° 
·---~!!'--.t.. :t ~ . . A 

1 

Figure 17 r'\ 
f \ 

In this rosette arrangement 
the fourth observation of 
stra:!..n is redundant but it 
does provide a check since, 
wittlin thelimits of making 
the strain readings, 

Ea+Ec =Eb+éd (39) 
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~n this case, it will be simpler to state the expressions for the 
principal strains, principal stresses 1 and the angla ~ 1 and then to 
prove them grapt!cally w1th Mohr's diagramc · 

He re (l6a) 

é + € b + € + € d 
!. Jce -€ )2 + 2 a e < Eb -E d> = 4 + 2 a e (40) 

. and e = 2 
A - B (l7a) 

E + tb + € e'.¡. € d -!.Jce -€ >
2

+ 
2 ll ( é' b :. € d) = 4 2 a e ., (41) 

Frum which ~ne b~es that 
€ & + € b .+ €'e + € d 

A= 
4 

(42) 

anct 
(43) 

~s previously, the directio~ of the principal axes may be found 
from the ratiO of the quantities under the radical such that 

te.D 2 1' D (44) 

Insertion of the values of A.and B into equations (2a) and (3a) 
produces the exprecbions for the principal stresses as 

and 

2(l \A) jt:e a - ec>2 + (fb- E d)~ 
(46) 

'' 

\ 
1 

\ 
\ 
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Tbe rules for determining ~ 
1 

are as followss 

€b ) € d then 24>1 lies between o and + 180° 

and ~ 1 lies between o and + 90° 

2o if éb < €d then 2«91 lies between o and - 180° 

and <f> 1 
lies between o and - 90° 

= € d 
then 

(a) If t 
8 

) te 

(b) If t a ( e e 

e· = '€ and c:p = 
1 a 1 

€ 2 = € a pnd 

609 

o 

The above rule~ and equations (39) to (46) may be preved by r~­
course to Fig, 28 which shows Mohr 1 s diagram fe: this type cf rosette. 
Since the directio~s of st~ain measurement in t~e rosette are inclined 
~ucees~ively at 45° , therefore the radial lines to the points A, D~·C 
arid D, which represent the strains on Mohr's circle, will be inclined 
successively at 2 x 45° = 90°~ Therefore, A, B, C and D will be locnted 
~t tto corners of a square !n3cribed in th~ circlee 

S i,hce the interseetion of the d~.agonals of the square will coincide 
witb the eenter of tbe circle and bec&use the position of the center of 
square ~orrespónds to the average o! the four corners, theretore 

(42) 
4 
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o 
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. Let us now dete!'IIline B, the radius of tbe circle in terms of E , ~ 
11':!' . a ~l.!' e e• and ~ d• t!le horizontal distances from the ordinate through o to 

the eorners of the square, This will require the following construction, 
Let P be the center of the circle and drop perpendiculars Am and Bn 
respectively from A and B on to the abcissa at m and n. Then from the 
right angled triangles APm and BPn 

AP = BP (radius of the eircle) 

and since ,/BPA'~ 90° 

There.fore ~6 
APm and BPn are equal, so that 

eb e d 
A!n = !'n = 2 

and since Pmm 

the.hypotenuse = radiUs of the eirele 

j( Ga; € e )2+ '( €b € d) 2 

= ~ , 

Cl l/2 J <€ - € )2 <e .. e >2 e B. a e . b d 
(43) 

al so . E b- éd - éd 
2cj>l 

Am 2 e -
tan b =- = r:: -Pm E - E e € a·- € e a. 

(44) 

2 

-------------------------- ----- --------------- -~---- ----------~- -·--- ---~ -~-------- -----
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(d) The T - ~ Rosette 

Figuro 20 

If one considera this rosettc 
arrangoment as contnining a delta 
rosotte with the addition of a 
fourth gage whose axis D is at 
.right angles to the axis A, then, 
although the fourth observation is 
redund&nt, a vnriet) of ~olutions 
can ba obtained utilizing all four 
strain rendings, 

* ~eier, gives a solution based on·the 
method o! least squares but ita 
complexity is rathe~ a disadvantege. 
The !o!lowiug si~ple solution is 
tLerefore presented sinca its re­
duction of obRArved elra!~~ 1nto 
terms ot stress wHl be very much 
easier. 

Since the average of any two strains meascred at right angles gives 
the position of the center of Mohr's circle, therefore, for the T -A. 
Rosctte the quantity 

A = . ( 45) 

~lso, from the ~ Rosettc 

A = (32) 

Therefore for the T - 6 Rosette 

A 
€a+ ed Ea+ eb + € e 

= 2 = 3 
(46) 

Furtbermore, from the ~ Rosette 

·s aj{ea- €a + Eb + € e r f 1 
. 3 + v3 

• Improvemsnts in Rosette Computar, J. H. Meier, SESA Proc. Vol. III, 
No. 2, p. l. 
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· ta +€d 
so that in the case of the T -A Rosette, if one subst1tutes 2 
f or -~-!!_+._· _e'""':3~h...._+_€_......<c t hen 

€a + 
€ -a 

(47) € ' .. 
a = = 3. 

and 

.
ed)2 f \2 

---- + ( €:,; b) (48) B = 

Again, from t he Rosette since 

tu.n 2 q> = 

by substitution of equation {47) in (49) one obtains the rati~ o! the 
quantities under the radical o! equation (48) auch that 

1. 

tan 21' = 

1 

Jf < €e ~ € b) 

1 
- <€ -e > 2 a d 

(50) 

'l'he rules for assigning the two va!ues of ~ , given by equation 
(50), to the correct principal axes will be exactly the same as in the 
case of the equiangular rosette. 

For the T - ~~ Rosette one may now expre~_e the values of the 
principal s.traios as iollows, 

€ 1 = A+B 

€a+€'d ~e d )+2
( e e,~ e "f &:1 - + 2 

€2= A - B 

€a+ ed 
2 . 2 

€ d) + ( f CJ~ € b) = 2 2 

(l6a) 

(51) 

(l7a) 

(52) 

613 
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The principal stresses wil1 be 

{ 
€ + € d 

= E. 2 a (1- /A- ) + 1 +p. 
1 

and 

·o: = ,E[l~~ B 1 
1~1"- ~ 

= E{ € a. +.€ d -·, 
:· 2 o.-¡;-) 1 + JA.. 

1 

! 
.1 

(2a) 

(53) 

(3a) 

/€c-Eb')
2

} + 1 .. 
\ ../3 1 

(54) 



SUMMARY 

ANALYTICAL EPRESSICNS FC~ SOLVIfJG STRAIN . ROSETTES. 
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TYPE OF ROSETTE 
SPAC::: DIAGRAM 

(Arr.onoemenl o! Rose~te 

:ORINCIPAL STRESS MAGNITUDES 
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o' 

Oirectlons of principal ores are given by equotion 
2nd quonti ty under radical 

Tan 2,P • , for oll of obove relations. 
1st quantity under rndical 

~ 
o 
tf.l 
~ 

~· 
~ 

~ ;x:.. 
t-< 
o<! 
tf.l 
H 
tf.l 

,Cb ..... 
CJ1 

\· 
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5. Graphical Dolutions 

In addition to the various analytical solutions for the strain 
rosette equations there are also mnny graphical (and semi-g1•nphicnl) 
procedures for determining the principal streBs magnitudes and direct­
ions. The choice between analytical and graphical procedures is 
usually depenc!ent upon personal preference but in the event of two 
people checlcing e~ch other it is highly desir:lble to have one perform 
the computations nnalyticr.lly and to have the uther do tlw checking 
by a totnlly diffarent graphicnl method, or vice-versa. 

For the pur~ose of these notes, the dis0ussion of gra~hical 
methods of solvi~g the rosette equations will be coofined to three. 
procedures which have been found convenient and useful. All apply to 
rosettes with tL .• :ee observations of strain. '!'he first co:rresponds to 
the general case, in which the axes of meas1.:rement mny be inol ined to 
each other in any mGnner, the second to the :t'tH~tang1.1lar r0sette, and 
the third to the equinngulnr urrangecent. 

(a) The Gece~~l Caoe · 

'l'hc following oethoct, which has becn put f:orward by Mcclintock 
(Specio.l Reference No. 3), applies to the gcr,;:.¡·a.l case in which the 
rosette axes may ha ve any arbi trnrily choson angles, e ab ande be, 
between thcm, a3 indicatcd in Figure 21, 

B 

A 

Figure 21 

M~thod of Solution 

the object is to establish Mohr 1 s Circle for strain. The pro­
ccdure is very simple and by soma is prcferred for the rectaneular and 
equiangular.rosettes even though eachof these arrangements has methods 
pcculiarly well acapted to itself. The following four steps are em­
ploy'ed for finding the str·ain circle~ 

l. The rosette axea are rearranged (by extending them if 
necessary) so that they are: 

(a) Arranged in seq~ence, in order of asce~ding or 
descending struin magnitudes (Algebraic order). 
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(b) The inoluded angle between the axes gt minimtim .and 
maximum strain must be lesa than 180 

617 

Sorne examples of this rearrangement are shown in Fig. 22, 

Space Diagrama of Physical Layout 

e 

Case (a} 

E ::::r Maximuni 
€ a :::~ Inta:o-'!l~dinte 
E. b ::; Minim~m · 

e 

e 

Case (b) 

€b = Maximum 
€ 

0 
= Intermediate 

E 
8 

::;r Minimum 

F.~.gure 22 (a) 

Case (e) 

Maximum 
!ntermediate 
Miu1mum 

~earrange~~nt of Axes in Sequence of Strain Magnitude (Algebraic) 

oL ~ Angle between axes of Maximum and Intermediate strain 

} ~ Angla hetween axoa of Intermed!z.te and Minimum strain 

Int .. Int. 

Case (a) . 

rJ.. = ~ 
ti' ab p ·= e be 

Case (b) 

ol=e 
p = 1~8- ( e ab +e be) Case (e) 

Noter In Case (e) the a~is of 
max •. ~train falls to left' 
of 1ntermedidte axis 

Figure 22(b) 

J.. ::i e ab 
= 180~( e ab + sbc> 



618 

Chapter XXIII ROSETTE ANALYSIS 

2. Lay out a sheet of paper with a o 
strain scale near one'edge and 1 1 1 
parallel to the direction of . 1 1 1 
the abcissa (which will be es- 1 1 . 1 
tablished later). · Then draw in' 

1 1 
1 

ordinates at locations corres- ><t 
ponding to: 

¿, 
~ 1 ~' ...t S:: ::s!l 1-1 1 1 

1, Zero strain \111 ~1 (J)¡ 
2, € a' ebl e 

0
o 1 1 

This is ind:!..cated -~ Strain S cale ~ 
diagramatically in-
Fig• 23. Figure 23 

Note¡ In Fig• 23 tbe strain values have been 
indicated as positivé but they might all 
be negativa or soma po&itive and negat!vao 

+ ' 

It. will also b_a~no.ted~thP--t---t.-ho-mca~ure~d--· · 
_____ __:__---~-------si·~~ r~. ;a~· Í:in~s~, E€\

8
::--, € b, & € e, m ay ha ve any 

re~at!on with one anotber. In Figq 23 
the values hava been plotted in sequecoe 
according to magnitudeo 

.3. When the diagram corresponding to Fig, 23 has baen drawn,. 
choose any poiut, D, on the ordinato corrcsponding to the· 
intermediate strain value. 

From point D draw straight lines 
<:t1.. and J3 , respectively, with the 
strain, to meat the ordinates ot 
and F respectively. 

DE and DF, making anglas 
ordinate of intermediate 
G u and e Mi at E max. n. 

On~ will notice that thare are two possibilities for 
drawing the linea DE and DF since the anglas ~ and p 
can be maasured from either the upwards or tha downw~rds 
direction of the ordinate of inte~mediate strain, 

The following rule governs this choice~ If, in the dia­
gram {Fig. 22(b)) showing the strain axes in sequence, the 
axis of Max) strnin falls to the right of the inter~ediate. 
axis, ot and pare measured :from the upwards direction, as 
indicated for Cases (a) & (b)!. But if the axis of maximum 
strain is inclined towards the left, as in Case (e), then 
~ and J3 , should be measured from the downwards dire.c-

tiono This is suggested by the do~ted axis extensions 
1nd1cated for Case (e) in Fig. 22(b) and· shown in detail 
in Fig• 24 0 
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o 

1 
1 
1 

1 1 1 ' 
1 ' 1 
1 : 1 

F! .~J~¿E 
~-¡_ 
1 ! D 1 

€ ' f Min. ·Int. €Max. 

Strain Scale 

·ol 

Fl 

1 
1 
1 
1 

• 1 
€ Min. 

€ ' 
Int. 

E 

1 

' 1 
e 
-Max. 

· Correspo!'ds to 
Cases (a) & (b) 

Strain Scale 
Corresponds to 

Case (e) 

Figure 24 

4, Tu~ !inal step is now to dra~ a circle through thc points 
D, E 1 r~ F'~· 'l.'hio will be L!ohr 1 s ~ircle for straiil, The 
abc!sl:la, which can now be drr~:o~n :n, will pass through the 
c&nter of the circle and the &~t~eme right cnd left hand 
positlons of the circumference will represent the princi­
pal strains 6_

1 
and € 

2
-J . ..a.s -sh-own in Fig 0 25. 

-...-..------ é"c:t_ -------!i!Jloo 

€ 
' 

Strain Scale 

Figure 25(a) 

Mohr's Strain 
Circle 
. for 

Case (a) 

€ a>E.b) € e 

(See also 
Figs6 25(b) 
and 25 (e)) 

619 
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T~e points A, B, ~ e, which represent the strains along 
th~ rosette axes, can now be located on the circumfer­
,nce of the circle according to the following two re­
·quirementsc 

,1~ The mag.l!l.tudes of the strains E'
8

, E'b' & €e• 

. 20 The sequence of order as we go along the circum­
ference of the circle. This must correspond to 
the sequence in the physical layout of the rosette. 
For exnmple, if the rosette axes follow the se­
quence A, B, & e, when one proceeds in the anti­
clockwise direction, the sa:ne order must preva.U 
as one goes around Mohr.'s circle in the same sense. 

Although the~~ are two possible pcsitions for each of 
poi~ts A, B, & e, which will sat~sfy require~ent 1 above, 
the'sec:.ond requirement elimins.tes hnlf oi themo This 
m~~ris that there is only one arrangemont for the points 
A, .1 ~ 1 & e on the circumforence of the circleo 

':; 

Angla of Reference, <J> 1. As soon as the point A has been 
located on tne circumference of the circle, the radius 
to this point will Astab!ish the angle 2 ~ 1 , as shown in 
Fig, 25o From this we can de';ermine tbe angle o/ 1• and 
locate the axis of ~ l• the algebraically larger princi-· 
pal strain, relativa to the A axis of the rosette, 

Pri-h.cipal Stress Determinetion 0 Once the magnitudes of 
the pri:lcipe.l strains, E 1 and ~ 2• have been determined, 
then ths principal stress values can be ~omputed from · 
equations (2) & (3) • 

E 
X (2) 

- ahd 
,._. E. 
"_ 2 = 

1- ~2 
X (3) 

1 
1 • 

Or~ it may be more convenient to prepare a chart, of the 
type shown in Fig. 27) from which the values of (1'"

1 
and 

.~ 2 may be read direftly. 

J 

1 

\ 
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~€e~ 

le 

o 
Strain Scale 

F'igur~ 25 (b) Mohr' s Circle f.ar.-S-t!'·a:L.n 
· Ícase (b) S-1> }·'€ e ) € .a 

€1 

~;1 
1 

1 

'1 

1 
1 -+_.;.¡_-------+-----'---¡-

€e €a . €b o 
Strain Scale 

1

1 

~ ~ 

.. 2)3 = 
2o(.:a 

2ft'+ 

p = 

2fd= 

2o(.= 

2J3 + 

-~~--

1so0 
... <e b+eb > · a e 

360° -2e -2e ab · be 

+ 2Sbc 

2ol= 360 - 29 . 
ab 

180° ... (e ab+ e be) 

3S0° - 29ab- 26bc 

+ 2 eab 

2ol = 360° - 29bc 

Figure 25(e) 
Mohr's Cirele 

for Strain 
Case (e) 

e b) € a> € e 

621 
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(b) The Rectangular Rosette 

The method de~cribed in the following paragraphs was developed by 
R, Baumberger* while he was associated with.the firm of Ruge-de-Forest. 
It requires 7 steps which lead directly to the determination of the 
principal strains and the directions of the principal axes, The calcu­
Tetion of the prin~ipal stresses from the principal strains must be 
C'ñrried out as a.o ertdl ttona.J. step, 

The procedure a.ctually involves a simple means of drawing Mohr~s 
strain circle frcm which the principal strains and the angle of refer-

. en6e can be read off directly 0 The use of specially preparad graph 
paper, with the reference linea printed on it, will eliminate the two 
ini ti al steps for the person m·aking the graphical calculation so that 
the complete sol~tion can be achicved in six stepso 

The 'fundal!lantal procedure (wi tbout the use of ~..P~.c.i,a-1·1-y prepared 
grap~ paper) le as follows; · 

1, On a piece of paper lay out two perpend-icular axes of 
reference (B-B, and K-K, as shown in Figc 26-lo Generally 
it will be well to have the origin of re~erence (O, the 
intersection of t3e axes) about the middle of the paper 
but for certain sp~cial situa~~ons it may be more coti~en­
ie~~ to have it farther to the rigbt or to the lefte 

B------+------B o 

~-- --· 
Figure 26-1 

2 11 Parallel to B-B draw two·. lines, A-A and c-e, such that 
·tbey are on opposite sides of the abcissa and at equal 
distances from it, That is, make OR = OT as shown in 
Fig. 26-2, 

• For Baumbergor's original note see SESA Proceedings, 
Vol, 1, No, 1, i943, pages.l45 and 146~ 
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K 

A --------------------~R~--------------------A 

B---------------------~~---------------------8 o 

e ---------------------T~----------------------0 
IC 

Figure 26-2 

·3. Let one now define the lines A-A, B-B, and c-e, as: 

A•A ~ Axis of € · 
1 B-B ~ Axis of € ~ 

. C~C :::~ Axis of € 
e 

and proceed to lay off along these lines (using K-K as 
zero for reference) distances which are respectively 
proportional to the strains €a, € bl and € C' which have 
been observad in tbe directions of the rosetto nxcs, A, 
B ,- and e» 

Positiva (Tensiie) strains are representad by distances 
to the right of K-K and negativa (compressive) strains by 
distances to the left of K-K. 

A typical layout for three positiva str~ins is indicated 
in Figo 26-3, in which a, b, and e, are points represent­
ing strains on the axes of the diagramo 

A 
Axis of tc:x. 

--~~~~------------R-4----------~------------- ¿ 

---)>--
B 

Axis of E¡, 
----------~~------~0~------------~--~------n 

e 

Figure 26-3 

623 
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4. Now draw a straight line through a and e, The inter­
section of this line with D-B determines the center of 
Mohr's strain circle, as indicated by point P in Fig. 26-4, 

Axis of e,._ 
A A 

é'a...;.fc.) 
;;l 

Axis of G~ 
B B 

o 

Figure 26-4 K 

5. Through "a" draw a line which will be perpend~.cular to 
------------~D~-':B:-and_which-w-:!.-l-1-inter::.ect t!iis axis a";: : .• , n'i shown in 

Fig. 26-5. The point A, which represents E a Oil the cir­
cumferen~e of Mohr's circle, must lie somewhero along 
this lineo 

------'~ 

Figure 26-5 
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6, From the point m, on the line am, lay off a distance MA 
such that MA = Pb• If b is to the right of P this should 
11~ below the abcissa - as per Figo 26·6 - but if b 1~ to 
the left of P than A will be above the axis B-B. 

P. K' A 

E 
o 

= Pb 

e e 
IC 

e 

Figure 26-6 

7 e ','d th center P and radius PA now üraw a circle as shown 
in Fig~ 26-7~ This is llohr's circle for strain cor~es­
ponding to the rectangular rosette observations € ~·e b' 
and e e" The right hand extremi ty corresponds to € 1 1 

the extreme left te € z, and the angle 2 ~ 1 , bet~"'<le!! the 
r~dius PA and the abcissa det~rmines the directions of the 
pr!nc1pal axes relativa to the A axis of the rosetté, 

!C 

Axis ~f é a. ,.¡( €a. -4-
A----------------~~---r--------------~-----------A 

B Axis of G¡, e, B 

C . Axis of te, e 

K 

Figure_ 26-7 

' 
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·a. The principal stresses may now be calculated íro~ the principal 
strains by means oí equations (2) & (3) or read directly írom a 
chart oí the type shown in Figure 2 7 • 

•' ...... .o .' 

.... """"" 

a:-
. ' 

.. ·. 

-e, aao 1 

Figure 27 

'fma.)(. - . E (E e. ) 
;¿ (1-t-p) -,- 2 

Conversion Chart from' Principal Strairis to Prin~ipal Stresses and 
Maximum Shear Stress 

(By J. H; Meier) 
Chart Based on E = 30, 000, 000 psi. .and jJ.. = • 30 
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Convenience of Specia!ly Prepared Graph Paper 

In the event that solutions are required for'many seta of rosette 
obeervations much time and effort can be saved by employ~ng graph paper 
upon which the axes of reference have already been printedo This takes 
cara of the first two steps for the person carrying out the computation 
and permits h!m to complete the remaining six operations with only & 
trianglo, compass nnd protractoro If the protractor has a straight 
edge of sufficient length the triangle ~111 not even be neededo 

A preprinted form of typical character is shown in Fig3 28 and in . 
Fig~ 29 it~ application to the solution of a set of obaervations is 
indico.tedo 

Proof. of Baumberger's MAthod 

Since B-B is midway between A-A ~nd C-C, the.point P will fall at 
a. distance from the ~rigin e~ual to the averbge of the distances a and 
e from k-k. 

Ther~fore O!:" x-epresents 

This means that the point P correlponds to the center of Mobr's 
strain circle for this·type of rosette (See equation 18)o 

One must now establish the rádius.of ~~ohr's strain circleo From 
equation (19) it is seen that the radius cf· ~ha circle is representad 
in the expression. 

627 

!.{cG -é >2 
2 v a e + [2 € b .,. . ( E a + € e~ 2 (19)' 

By taking tha factor 1/2 inside the radical, th~s becomes 

(19a) 

.o¡· -
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Examination of Figs, 26-4 to 26-6 now reveals the fol­
lowing: 

1, The horizontal distance between points a and e representa 
€ a - € 0 , and since P is half way between these poi~ts, 

· Pm, tbe horizontal projection of Pa, represents E a ~e 
. 2 

which is the first term under tbe radical of equation 
(19a). 

2, The distance between points P and h, on the axis of Eb, 
corresponda to 

whi~h 1s the second quantity undar th~ radical in equa­
t ior. ( l9a). 

3, Now if these distances, which represant the twri q~ahtities 
under tha radical of equation (~Sa), can be m~de to form 
the perpendicular sidas of a rig~t angl~d tr1angle. thcn 
the hypotenuse of the triangle wu¡ represent equation 
(19a) which is the radius of tbc strain circle, 

This result is accomplished by P.rer.t:f.ng rnA (=Pb) perpen­
dicular to the axis B-B at the p~1nt m, as tlluatrated 
in Fig, 26-6, 

4. One will also observe tbat the ratio of th~ quant1ties 
unde~ the radical of equation (13a) gives a· measu~e of 
the anBle of ~eference, that is 1 

2e -ce -~-e> b a e 

€ -b 

éa 
2 

(22) 

(2?a) 

This means that the inclination of the radius PA (hypo­
tenuse of right angle triangle PmA) with respect to the 
axis B-B will represent the anglc 2 e;> 

1
, as shown in 

Fig, 26-7, 
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(e) The Equiangular or Delta Rosctte 

A simple and direct mcthod of evaluatirii the magnitudes and direct­
ions of thc principal stresses from observa~ions of strains in a delta 
rosette has been dcvised by Bossart & Brcwe~ (Special Reference No, 4), 

. This method possesses the following important characteristics: 

l. The values of the principal stresses (rather than princi­
pal strains) are determinad directly, 

2. In its basic forru the method is applic~ble only to those 
instances in which Poisson's natio (~) = 1/3, 

3, By very slight modification ths procodure can be extended 
to cover those cases in which }4 + l/3, 

. \ 
\'lhcn f4 = 1/3 it can be ehown that for the delta roset te 
t~e following relations exist in regard to the apparent 
stresscs, 

(Apparent Stress = r.Jodulus of ElasL.city X. •.. C?...bs~-~ved S!_!:_~in) 

l. Thc center of Mohr's circle for Etress corresponde to 
the algebraic sum of tbe half apparent stresGes deter­
mined in tbe directions of the three axes_ of the delta 
rosette, 

2. The radius of Hohr's circle for stress corresponds to 
the vector sum of the half apparen:t stresses. 

The proced~1re is as follows: 

l. Compute the balf apparent stres8os ~rom the observed 
strains 

Where S a 
Sb 
Se 

S a 
2 

Sb 
~ 

¿_g_ 
2 

E X é 
::s ___ ...;.;.a_ 

2 

E XC b. 
= 2 

E x. € e 
= 2 

= Apparent stress in direction 
= Appareut stress in direction 
= Apparent stress in direction 

of thc A axis 
of tho B axis 
of the e axis 

(55) 

(56) 

(57) 
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Determine the center of Mohr 1s circle (the hydrostatic 
COI!'.ponent of stress 1 {j H) by laying out 1 in arder along 
the abcissa, arrows proportional in length to the tal! 
apparent stresses, as shown in Fig. 30. 

Positiva values are drawn to the right and negativa 
values to the left. 

3. : From p6int P 1 thc· center of hlohr's circle, as determinad 
in item 2, determine the vector sum of the half apparent 
stresses b~ layiug out another arrow repressing Sa/2 
along the abcissa ( + to right, - to left) and continuing 
with arrows rcpresent ing Sq/2 and Sc/2 with inclinat ions · 
and scuses as indicated in Fig. 30. 

The t ip of the tllird arrow. will fa U at _point A (which 
rcprese,\ts <ro.. on the ¡·,Johr stress cL:cle), the distance 
PA will be the radius of thc-circle (s;metimes cal~ 
the shear componcnt of stress and desi~nated by the sym­
bol, <1s · ) and the angle measured from PA to thc abcissa 
will be t'.'l! ·: ". the rcference angle cp 1· 

~. Vlith center P and radius PA draw a circle. This is Mohr's 
st~ess circlc whose interee~tions with abcissa determine 
the principal stress values, (Tl and 0"'2, as sho\vn in .the 
diagram, . 

·~ote: Those who are interested .in the proof of the method 
will ~ind it given in the paper entit1ed "A G1·aphical 
Method of. Rosette Analysis" by K. J, Bossart & G. A. 
Brewer, SESA Proceedings 1 yol. 'IV, No, 1, pp. 2 & 3 • 

. Modificat~on for Use When Poisson's Ratio is not i/3 

p. :f 1/3 

When Poisson's Ratio is other than 1/3, tho procedure 
~ndicated above shou1d be follówed to the end of item 3. 
Hówever 1 ' OP and PA will now no 1 longer represent thc-

. hydrostatic and shear components of stress,cJH and (J s 1 

cUrectly. . 
. 1 

1 
Fo1rtuna~oly 1 these quantities, cr' n and cr's 1 can be 
~o~nd b~ multiplying tho algebraic and vector sums of 
th~ hal~ apparent stresses by the appropri~te factors 
as follows: 

1 

(Stress represented by OP) x 2 
3 (1 - r--) 

(58) 
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Ci.
8 

= . (Stress representad by PA) X' (l 
4 

) 
3 + !"- (59) 

. (60) 

r f· 
(61) 

1 

Radius "" OS 

S a 
S . 

b ·-o 2 
~1 

2 Cf 

.. 
--e . cr:t 

. 1 1 
'\ J 

-< (jH ~«t's~ 
1 . , 

l-< .o": 
f 

.,... 
1 
¡ .. 

Figure 30 

\ 

\ 
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( d). Nomograph Met hods · 

In addition to the above two graphical solutions there are various 
other graphical ruod semi-graphical procedures which can be employed for 
evaluating strain rosette obser.vations. - Some of the nomographic charte 
which have been deve~oped will be found most helpful, particularly thoee 
developed by Hewson, See reference No, 4·under graphical methods in 
attached list of references, 

6, Machine Solutiou~ 

In situations involving the solution of lar:c numbers of rosette 
equat ions the emplol•ment of machines may be very advantageous both !or 
economy of time and cost; 

Some of the elaborate calculating machines, such as the Differen­
tinl Analyser, can be used for this purposo if they are availabl~ .• but 
except in unusual situations the use of such ve:taatile mach:lnss is not · 

· wa~r~nted, particularly wheu one considera the cos~ involve~. 

A number of special purposc~ computers (See refel·ecce::> at end) hea.ve 
·beÉm developed to evaluat.e rosette data. Scme á.re electronic and othere 
have mechanical and electrical componente, The earlier machines depended 
upon manual introduction oí strain data whereae newer devices can be 
connected directly to strain gages for their !np1.1t, and to aJ.ectdc 
typ~writers.for tabulation of tbe computad rcsu!t~, provided ~f course, 
that.the strain,observattons are not made f~ste~ th~n the typewritere 
aan handle the results. 

At the present tl.me it appears as though the ultimate aim would be 
to develop a combinad ccmputer-plotter-tabulatcr fcr direct conn~ction 
to t~e .s~rain gages, Such an 1nstrumcnt, dircctl¡ conno~te~ to the strain 
gages, would be capable of recoiving the gage signals, computing the re• 
sul t~, providing temporary or permanent storage of information, selectinl: 
data on the basis of, location o~ observati~n, stress level, frequency, 
or time of event, theri tabulating and plotting the resulta.· 

~or those who are faced with the problem reduction of a fairly 
sizeab,le amount of rosette dcta, but not enough to warran:t the purchase 
of a special computer, · attentio.E_is drawn to. the methods worked out by 
Baséett, Cromwell, & Wooster, (SESA Pioccedings, Vol, III, No. 2, p. 76) 
for th~ employment of stucda~d office calculators. 

7. Corrcctions for Trensverse O~nsitivity of SR-4 Gages 

(a) For rosettes made up of single component ga~es which have 
been calib~ated 1~ a uni-axial stress field on material for which 
Poisson's Ratio =fA-m• · 

One will observe that any two dimensional strain distribut1on may 
be considerad as being made up of hydrostatic component and a pure 
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shear component. Allowance for the lateral etrects in SR-4 gages may 
t~erefore be made by multiplying 

G - ~m Jfl · ·the hydrostatic component by ~ 1 + K _j (62) 

and the puro shear component by r ~ ~~ ~ (63) 

where K = the transversa sensitivity coefficient for the 
g.oges in the rosette (assumes that the gagas 
are alike) 

and !""m = Poisson's Ratio of the material upou which 
calibration was made, (0.285) 

·Equat ions (2a) and (3a) which represent the principal stress \ · 
intEmsi ties can therefore be modified to the form given in expressions 
(G4) & (65) · if one wishes to. take t. he transversa effect, account of 
which is usually rather small • 

:. (f_· = E { -~---. · ~- - Í"'m il 
1 : l - r- 1 + I{. -, 

. . - -
B 

+ 1 +fA 
(64) 

635 

~ i' [\-:~ ~ a;.= E{l 
B - l + p. 

(65) . 

. 
. ' 

(b), For Mam,zfactured Itoscttes Consisting of Three or Four 
]ndependeni. Strain Ge.p.;et> r.lounted Together ou a Cornmon Carrier 

·In the caso. cf SR-4 l'osette gages manu:factured as completa un1ts 
incorporat:l.ng thr~e o.r four sepa.rate elements, t'wo gage factors, a and 
b,~ar~ fur~ished wtth-the gages. 

The factor P. = the axial strain sensitivity factor, This is comparablo 
to the Gage Factor for a single gaga, however, due to 
the method of calibration the.num~rical value is slight­
iy different.• 

The factor b = the auxiliary strain sensitivity factor, By means of 
this coefficient one can correct the indicated st.rains · 
to the proper values, 

• ·Practica! Reduétion Formulas for Use on Bondad Wi:-e Strain Gag_es, 
R. Baumberger and F. Hines, SESA Proceedings, Vol, 11, No. 1, p. 116, 
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In the literatura it has been stated that neglect of the factor 
b (which is relatad to the transversa sensitivity coefficient, K) 
will not introduce an error of more than 3~ in the numerically larger 
principal strain,* 

l l l l . Let é a, S b 1 € e, and € d, represent the a'pparent strains in 
the directions o.f tbe roset te a:ces, They are obtained from the 
relation 

OR 
R 
a 

The val:ues of the apparent atrnins are not quite equal to the 
true values, ho\vev('r; they may be corrected to thc true values, € a• 
é b) é' 0 , and é d•_ as follows 1 

I. Rectangular Rosette with Three Observat!ons 

o t:l €1 l é 
l 

= --a b e 

45° € (l 1 E:l l <€1 +€1> 1:1 + -) -~ . b b . b b a e 
~ 4150 ""í/-

€"1 ~! € l A 
te = o b a 

from which th9 principal straino may be calcUlated as 

(66) 

(67) 

(68) 

(69) 

sl or €2 (l l ,El +ea 1 . l l 
2 ~ 1 C. 1 ~ 2 

= - -} ± (l + b) l/2 <é a-€ e).+ 2E'b .. ( a+ E e)~ b 2 

2 e1 
- ( €1 + E 1> (70) 

and tan 2f = .D 1:\ e (71) 
€1 - ~l 

a \;e 

II. The Equi&ngular Rosette 

t = E! 1 cE~+é~> (72) 
a - b 

Eb El l ( €1 +él> (73) = - b b a e 

ec = €~ 1 <é 1 +é'l> (74) - b a b 
A e 

• Practica! Reduction Formulas for Use on Bonded Wire Strain Gages, 
R. Baumberger and F. Hines, SESA Proceedings, Vol. II 1 No, l, p. 116, 
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and the principal strains are 

tan 2 cj} = (76) 

II I. Rectangular Rosette w:!.th Four Observat i~ 

Since this form of rosette is not regularly made as a single unit 
it will be· necessnry to make it up from four independent units and tol 
corroct the Al and al quantities nccord!~gly. or else to make some 
other specinl arrangement~ 

€ te_l 1 1 
a = \;,a - 'b E. ct (77) 

' (78) 

(79) 

90~ 
D 

A 

€1 - !. € 1 
d b a (80) 

(82) 

~l ~€1 
~ 1 or ~ 2 = (l - ~) a 2 d :t (1 

(81). 

637 

i 

1 



638 

Chapter XXIII ROSETTE ANALYSIS 
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Experiment No, 26 - Strain Gage Rosettes 

Object: To illustrate the use of Strain Gage Rosettes for deter~in• 
ing the n:agnitudes of the principal st1•esses and the · direct­
ions of their axes under biaxial conditions. 

Pr6blem: By strain measurement, to determine the stresses set up in a 
.thin walled cylinder dueto a.n internal pressure of 1500 iba/ 
sq, in •. 

Several gage arrangements have been sat up with different 
axes of reierence. All arrangements of strain gnges shou1d 
indicate the seme resulta which should agree with tbeoretical 
calculations, 

~pecim~: Steel cyli!lder closed at both ends 

Outside Diameter 
\'la1.1 Thickuess 
Length 

M~terial Prop~rties 

St rain Gages: 

l & ll 

Ultimate Streugth 
Yield Strength 
Modulus of Elasticity 
Poisson's Ratio 

4.50" 
0,14" 

30" 

.60 ,ooo 
35,000 

30,000,000 
0.3 

4 & 14. 

Diegram of Gage Orientation 

lbs,/sq,in, 
11 11 11 

11 11 11 

9 & 19 

Gages are mounted in pairs diametrical1y opposite each other on 
the cylinder; for exnmple, 1 is opposite 11, 2 is opposite 12, etc, 

Resistance of all. gages is nominally 120 ohms. Gage.Factors are 
as follows: 
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Experiment No, 26 - Strain Gaga Roeettes (Continuad) 

Gage Factor 

Axial ~ Circ~mferential Gages: 1, 11, 2, 12 
Rectangular Rosettes: 1 1 8 1 9 1 17 1 18, 19 
Tea-Delta Rosette: 3, 4, 5, 6: 13, 14, 15, 16 

(Note that the T- A Rosette can be used as a 
~ Rosette by omitting obaervations ou gages 3 & 13 

Equipment: 

1 Switching Unit 
1 Daldwin Portable Strain Indicator 
1 Oil Reservoir & Pump with Pressure Gage 

Hesults Wanted; 

Procedure: 

l. Doterminatlon of the principal stresses, ~1 & Qr2, 
and the directicns of the corresponding axes from 
r.trains measúred 

(a) With axial & circumferentia1 gagas 
(b) With Rectangular rosettes 
(e) Wi th T- A (or 6 ) rosettes 

2. Cc~parison with theoretical calculations 

1. Teka zero readings on all strain gageso 

2. Apply p::.-essure to the cylinder in increment.s of 200 
lbse/sq~in; up to. a maximuro of 1600 lbso/sq.ine and 
take readings on all gages after each pressure in­
crement,· 

3o Ralease pressure to zero and check zero readings on 
all gageso 

NOTE: Since time is limitad it is suggested that you 
ta'ké" readings either on a few gages· at all pressure 
levels or a:l gages at-a few pressure levels and refer 
to the accompaying table (See l?age '"'~- ) for the re­
mai.nder o:f the required obse-rvationso 

. 4, Plot pressure vse indicated strain fo~ each gage. 
Curves for one rosette can be arranged together on 
a single graPh sheeto 
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Exper~ment No, 26 - Strain Gage Rosettes (Continuad) 

Procedure: (Continuad) 

5o Average the slopes of plots of item 4 for diametrically 
opposite gages and determine the strain on each gaga for 
a pressure in~rement of isoo lbsq/sq6in. · 

6~ Mc~lecting transversa effects in the str~i~ gages~ calcu­
late the magnitudes of the pri:.H~ipal stressos and deter­
mlne the directions of the cor~~sponding axes for •ach ~f 
the th~ee gnge arrangements 

(a) by.analytical rmeans 
(b) by graphical means 

' 'l9 Check t~e results of item 6 by making the necessary theo-
retical cal~ulations for the boop stress and the ~qngi­
tudinal stressa 

Hoo:> Stress (psi) = Preusure (psj) x Kad1~s (in) 
. Wall Thickness ~in) 

1 
2 !loop S.tress 

a. lf the Transversa Sensitivity· iactor, K, _for the axial 
• 11 " er.d circumferential gages i¡; Ot02, and the b iactor 

for Rectangular and T- A Rosottes is 55, . how :!IUCh error 
is introduced by neglectin,g the t1·ansver:;e effects? 
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REDm:r.D DATA fnr EXT·E!UMENT No. 26 
----- --.---------·-

GAGE NO. PRESSURE ¡N P. S.!. 

o 200 400 600 800 1000 1200 1400 1600 

S'I.fi:i.IN IN MICRO- r.r-;:cm;s PFR INCH 
,.... :J. o 74 1\i) 260 3~U 422 492 580 670 
'O 
Q) 2 v ~o 5) 74 110 118 140 162 189 
;l 

175 232 282 350 398 t:: 3 o 49 113 455 
·M 

48 .¡..> 1 o 111 170 226 276 340. 375 4>10 
t:: 

O) o 5 o 21 52 81 110 133 164 189 219 
(.) 

H """ 6 o 75 174 261 350 430 525 602 698 O) 

~ .tll 7 o 29 .51 80 105 130 160 180 210 

~ 
~ 

222 292 360 432 E-< 8 o 70 149 500 575 
E-< 

81 174 262 349 425 515 593 682 ~ 9 o 

~ 
ti) 
o 
0:: 

¡:;.:¡ 11 o 80 ~~ 71 260 240 422 510 592 680 
ti) ~ 

o ~ 12 o 20 49 71 92 115 140 160 183 
0:: o 13 o 50 111 170 214 270 322 379 428 

:z: 14 o 
H 

51 115 1"10 217 270 329 382 430 
< 15 o 21 52 80 109 130 155 180 202 
0:: 
E-< 16 G 75 171 26·) 330 410 488 560 640 
ti) 

17 o 21 52 82 110 135 160 183 212 

(O 18 o 59 155 230 290 360 425 498 562 
e-¡ 19 o 71 171 250 312 392 462 540 611 . 

H o 
1-1 :z: 
1-1 .¡..> 

Zen) shift aftnr exp.;,ri ment 1ess than 2 rv·· ;" 
>< >< t:: 

Q) 

J.c E Equipment: 20 Statión Swi~ching and Ba1ancing Unit Ba1dwin No. 5009-3 
Q) •M 

.¡..> lo< B3.ldwin Type L·-Strain Indicator No. H-80797 
p. Q) 

.al p. Common Zero Setting at each Gag e: 0-8"-1000 
.t:: X 
U. ¡:;.:¡ 

. •.qt 

.qt 
co 
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. Chap~er XXII DYNAMIC STRAIN MEASUREMENT 

Outline 

1, Introduction 

2, Steady State Dynamic Test with Strain Gages - Experiment No. 20 

(a) Statement of the Problem · 
(b) Specificat1ons of System Cornponents 
(e) Theoretical Solution 
(~) Instruments and Equipment 
(e). Design of the Strain Gage System 

hleasuring System Input Requireme~ts 
Maxirm.un Strain Gaga Sensitivity 
C ircui t Des ign 
Circúit Properties 

Sensitivity - Max1mum Output - Non-Linearity 
Ampl1fier Specif1cations 
Coruvarison with Available Amplifler 

(f) Calibrat:t on 
(r) Experimental Procedure 

3, Unsteady State ~~.!!,~c:.uenl!y Dynnmic MeaRurem~nts - _§xperime_nt No. 21 

(u) Experimente! Procedure 
(b) Qualitativ~ Anslysis ol the Transient P~enomenon. 
(e) Specific&tions of System Componente 
(d) Theoreticg! Solutions 
(e).. J.nstrument; Character1stics 

4o Transients of Short Duration - lmpact - Expe.dment No 0 22 

(a) General Rc~arks 
.{b) The Problcm 
(e) Experiment 
(d) Information 
(e) Calibration of CRO X Axis in Terms of Time 
(f) Determination of the Striking Velocity 
(g) Triggering the CRO - Internally - Externally 
(h) Qualitative Study 



Chapter XXII DYNAMI C STRAI N MEASUREMENT 

1, Introduction 

Three experimenta have been designad as samples of some of the 
techniques available for dynamic strain gage studies, 

(1) A ste~dy.state vibration phenomenon where, with fairly 
simple equipment, it is possible to obtain good resulte, 

(2) A non-steady state, or transicnt, vibration problem wbere 
the main phenomena occur at frequencies which permit the use'of a paper­
type recordar without the necessity of resorting to oscillograp~ic­
photog~aphic methods, 

(3) · A transient problem the duration of which is so short 9 tbat 
oscillographic-photographic methods are a necessity. 

2o Steady State Dynamic Test with Strain Gagas·- Experiment No 0 20 

(a) Statement of the Problem 

A freely vibrating beam supported at .its nades is io be 1nvest1gated4 

The stress distribution along the upper surface is to be determinad at a 
given amplitude of vibration, by two methods: 

(1) Direct strain measurement, to be interpreted.Ín terms 
of stress, by locating six strain gages clong tbe beam 
as shown ~n the diagram 0 

The amplitude of vibration wi~l be measur~d with an 
optical micrometer ~t the center of.th~ vibrating bar, 

(2) Analytically.determined values of stre!3s a.Long the beam 
divided by the amplitude of vibration at the ~ent•r of 
the beam can be determinad from theoretical consideration~. 

The two methods are to be comparad. 

(t) Specification of System Componente 

Beamx L length of beam 
t thickness of beam 
b width' of beam / 

p de.ns1 ty · of beam 
material (steel) 

E Young's modulus of 
beam material 

d distance from center ot 
beam to nodes of 
vibratiou 

37 3/16 inches 
3/4 1nch. 
2.00 1nches 

3 
Oo286 lbs/1ns 

.G / 2 30 x 10 lbs ins 

(0.276L) = 10.25 inso 
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endurance limit of 
beam material 23,000 psi 

f natural frequency of 
beam vibration 

20 ·~; t ff ~ 112,8 cyc/sec, 

(e) Theoretical Solution 

A 
B 
m 
a 
X 

fundamental constant· 
fundamental constant . 
fundamental constaut 
ampl.itude of vibration at center of bea_m in 
distance along beam from center, in iaches 
·stress at any point x along the beam 

·1,1532 
0,1532 
4.7300 
in ches 

crx 
supported at its nodes of vibration, vibrated at 
its natural freque~cy, 

(/ :a a E ! m
2

. ~ e os ~LX + 
X 2 L2 ~ 

;{ 
B cosh ~ 

ond for this beam: 

Value of x (tnches) o 3 6 9 

Val u e ;cr 3 of /a (lbs/ins ) 238,500 224,500 189,000 134,000 

o 

X , 

12 15 (18-19/32) 
75,400 28,100 ·o 

(d) lnstruments and Equipment 

Amplitude Measurement · Cathetometer, continuous range of 10 cm, 
0.01 mm smallest scale division 

Strain Gages 

Vibration Exciter 

Available Amplifier 

Type SR-4 C·l 
Resistance Rg ~ 500 ohma 
Gage Factor (GF) ~ 3,23 
Maximum Current Rating 30 milliamperes 

(continuous) 
Location: at o, 3, 6, o, 12, 15 incbes 

from center 

Rayflex Fatigue MAchina, description 
attached. 

Gain (in linear ranga) 
Linear Range 

G 26 
0,05 volts input Muximum 
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Lower Frequency .cut-Off 
Upper Frequency Cut-Off 
Input Impedance 
Output Impedance 

Measuring Instrument: 

DuMont Cathode Ray Oscillograpb 
Maximum Sensitivity along Y-axis 
Useful acreen diameter 
Lower trequency li~it 
Upper frequoncy limit 
Input impedance 

Calibration: 

•type 
Calibration resistor 
Switch 

f¡ 2 cps 
f2 7000 cps 
O • 5 f4 Fe 1M .0.. 
less than 100,000 

Type 2088 
0 0 01 rms volts/ins 
4 inches 
2 cyclcs/second 
100,000 cycles/second 
2 M n. 50 f"f- F 

Parallel resistance 
125,000 ohms , ¡, 
1/GO second periOd 

(square wavt=t) 

. t 
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THEORETICAL STRESS DISTRIBUTION 
ALONG A FREELY VIBRATlNG BEAM 
SUPPORTED AT ITS NODES OF 
VIBRATION, VIBRATING AT ITS 
NATURAL FREQUENCY WITH A 
0.001" AMPLITUDE AT THE 
CENTER 

-r-f 
o 
o . 
o 

- ~~ 

180 -+---

160 -+---1-

140 --1---+--

120 -+---1-----+ 

100 -+---+----+--

80 -+---..._.--1---

¡:., 60 -t---·- ----f-----1-

-¡;7_ 40 _..¡.. __ _!, __ + 
Dimensions as 1 

~~~~--_.----~---G-i~v-e_n __ ~ ____ .__·-~.~;--~~----._--~----~----~~~ 
21 . 18' 15 .12 9 6 3 o 3 6 9 12 15 18 2'1 

DISTANCE ALONG BEAM ~OM CENTER IN INCHES 
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DETIERMINATION OF VOUNG'S MODULUS 

The principie of free v1brallon lends itself to the 
accurate determinallon of Young's Modulus. For this 
purpose. the natural peflod of -vibration or frequency 
must- be measured to an accuracy of 0.1 ~Ó- lhis is 
·rea'dily done as stited above, the measurement being 
mdde al low amplitudes of vibration. well below the 
fatigue limd_. From th1s natural frequency, the dimen· 
sions and the weight of .the specimen, the modulus may 
be calculated (see formulae, page 4). 

MAGNAFLUX TEST 

The Magnaflux test'For discontinuities in steel or iron 
has been found useful in con¡unction with fatigue 
investisations. lncipient failures may be located and 
studied in relation to surface cond1t1ons or local metal­
lurgiCal factori befare th<:> spread of the crack has pro­
ceeded beyond a few t~ous~ndths of an inch Coils 
for Masnaflu• tes_ting .,., su~pl,ed with the machine, 
and a l1mited license wdl be sranted to customers who 
are r.ot al1eddy [,censee; of the Magnaflux Corporation. 

Rei<uence: Rate of Growth cf Fatigue Cracks 

Journal ót Applied Mechanics, Mar. '36, 
Vol. 3. No. 1 · 

STROBOSCOPE ATTACHMENT 

A stroboscopic d~>vi<.e is .su:;.plied. This permits 
",low motion" observat•on of the spe,irnen; the 'Jrowth 
of the failure. crack beong readily foll.:>wed vis~.:ally. 

DETf:RMINATION OF STRESS 

The stress applied lo a ;p.>c,me•' · of unilo;,;, section 
is rcadily obtained from a ~nvw:euge of the mc.imum 
deflection al the center nf ,~,,. sp~?cirnen. !!1 din11>n~ions. 
and Young's Modulus f )f ~h~ par~~euiar rnaleflui be1ng 

_testeo. The maximum oefl2ct•on or amplitude may be·· 
read on a meter mounted on thc control panel. This 

_ instrument .is fitted with an arbitrary sral~. the ar.tual 
~mpl!tude in thousandth~ of an inch being supplicd by 
a calibrat!on curve. 

An optical method cf :hanging the amplitude is also 
providcd·. 

Courtesy oí 
Baldwin-Lima-Hauülton 
Corporation 

STRESS CALCULATIONS 

Theory: The equation of motion" for a uniform free 
bar vibrating in its first mode is: 

y = •( A cos m ~- - B cosh n;-~)cas ~1 
m'K VEg where .,. = 2~1 = L'-

• p 

A, B, and m are fundcJmental.consWnt\, 

A= 1.1532 B = 0.1532 m= 4.7300 

The bending moment may be derived thus: 

M = El -- , = El. ---; A cos m -- + B cosh m ca• .ut ó'v m'( X X) -
olx- L· L L 

The deflection and bending moment curves are 
shown in the figure. The déflection is zero at the nodes, 

X . 
where L = 0.~758 and the bend1n9 "lOrn('nt 15 a maxi-

mum at the mi¿ point of the specimen. 

The notation is as follows: 

S M .. omum SlreSl (lbs.. In.') 
y Defleclion lrorn M .. n Position (In.) 
• Dislonce from Mid·Poinl of Specimen (In.) 
L Len ~th (In.) 
d Di•n:•t<r (In.) 
M Bending Moment (In. Lbs.) 

' 

. / 

~.,- . . P-ENO!~ 1 

"'fJ -E-Pick-Up Coil Adjuster - -

~:r:: ~"·-~ VI,---~ Nod~--_:,;.~·~ <E:-Underlest 

Node1 •& -~ :·;:~- _ .,·,":--:-;_.;;::'"TI -
~ l : ! · Nade ...,r-,. -

,.. 
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Driving 
Magnets 

,..-q=..-" , ""?"~~ l ;¡: -;¡~·~ l. _ _ -:. j Oriving Magnets' 
-~--·-,~ ¡; ~ ...... _ l l ·~,,; ¡ ~-~. Adjusler - . · . ~ tr ·--1,.. 1 _'.?;....,.._,h ~-. 1 1+"·~- ·-.,.; 

1 ~·, ~ f"· ! . ... ~~ :1 - __.,. - -=r-~ ; ~ ; '"'l.) 
.-·; ~-'-r~ ___ ,,. :'· .. ~~ 

-~~-~~- ~ !¡'~::....-.;--::-~---~ 
·.Jf__.~- -- ~--
~·- .. ~~.,. :-. ~--~~;~--·~-~ 

Flvurcr 1. 
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TI 
~-\ 

_.... .. J •. · ..... .._.---.--~ Fis•r• 2 

l

(. 1f~ - -¡0)-...-.."<(~1'~~ 
i- -~ ---í~\ ~:;:~· w~· l . 

G~----·-::'¡J)) 'A', J( ·• ~~~ 
r ' · ~-... / ~-..... '1. ~ ~.:.,, ~ t 

....__¡. --· -~··( ':1: ... ~ f• ~ ·'·· '- ''l'l:_l-~ 

~
u O 7 ._e "F"V"""';~~--~-- •t -~· ~-. ~ 

~----'-----':. ·- --· -· -- ----------------~ ·--==- .. ,....., !1:. ,,.· . ..,.,..,...,._,~-... ~·~·;;:,:·~--~--~...... ~. .. - . ,, ·=-·"···-.:o··=· - ~- ~ 
•: • t ' ... \1 '• '·.\ , .. ..T ----...... 

_, --- . .i v·-' ,.-. ..~ . . . . . '\ 
-----··~.·--= ~ ... - ....... ---_,...-· . . !' - "Crack shown by 

Magnelollng Coils,~ MagnaR•x Powder 

Energized from RayHu 

E Youn9's Modulus (lbs. In.'') 
Densirv (lbs. In.') 

f Frequency of Vibralion ((ycles Sec.) 
l. Mc,.,enr of In orlo o of Cross So crian (In.') 
t< Radi~• of Gvr•lion of lross Section (In:') 

Thickne» (In.) 
Ar:cele,rdlion ol Gra-..•ly (In. sec:1) 

1'\mpiJlude ol VibrdtiOn, one-hdlf Totdl 
Trd .. el di Mid-Point ot ~~ecimen (In.) 

PR.-Cli~AL FORMULAE 

The tollow'"9 practica! formulae are derived from 
t~e above erualions. 

. 
3 

El• 
Ma¡•mum M = 29.2 l' 

'. Edo 
MaK•mum S = 14.61 Li 

D•uance between nodes = 0.55 16L 

Frequ.;zncy - 3.561 t, \ . E;9 

Rou~d a.,., An y Size: 
Ead s = 14.61 F 

E 
f" 

.003266 l', d' 

n~,od l E 

Fiar Ban, Any Size: 

S 

E 

E.r 
- 14.61 t.> 

- .002449 l•,. ~ 

20.21Í ·\ E 
l' " 

TESTING OF NON-MAGNETIC MATERIALS 

Non-magnetic maleri.ils may be lested bv simply 
faslening sofl iron sleeves lo rhe ends ·of .thc specimen. 
A sel of stand•rd sleeves for round specim~ns will be 
supplied with the Rayflex. In teslin9 a specimen loaded 
with these sleeves or armdlures, the above standard 
formulae do not apply directly. Means for calculaling 
stress under these C<'nditoons will also be supplied wilh 
the Rayfle,x. 

SPECIAL TESTS 

The Rayflex is admi'r•oly suited to tests on welded 
sections and, of COUH·!, non-unilorm seclioos and 
threaded couplings ma y te lested Ool a com¡.¡arative 
basis ~"d in sorné cases llress can be compuied from 
!he theN.y of elaslicity. 

MAINTI:NANCE 

Extreme precautions h•ve been ldken lo mal:e tl-oe 
Rayfiex a lool for fali9ue !:!,ling and not a "gadge!" 
requiring linkering or servoce le.. make oi work. Th~ tub~s 
used ore av•ilable al any siandard radio supply house 
and suitable inslructions will be furnished so that any 
compelen! radio service rr.an can 1-oandle tu be rcplacemenl 
and repairs. 

Power Tubc Plato (" "'·~;~:.:;--l, Temperatura lndicalor 

Current-j ~·---~ .. 'oír?'""' ~ 
Amplitude Meterl :~ ,., ... 
Autamaric r -·~-Amrlitude Conrral 

Amplitude Conlrol~' . 4·· Cycle Counler 
.frequenc~ Control- , ~ : Counter ~ese.t 

: : -:""~ (_~ --· Auromat1c T1mer 

Tuned Relay For ~: :..- (ycle Counter 
Auromalic Shut-OH . · Srart Swirch 
Resonanco lndicator 
frequency 

lndicotor Swirch ...--'1 
Push Bullen lo Starl ! 

Driver ~mplitoer~~ 

Fisuro l 

.::. 

Output T uninq 
Candenier Swirches 

(Courtesy o! Baldwin-Lima-Hamilton Corporation) 

t 
~­
~:': 

·i\ .· 
,~f 
~ 
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(e) Design of the Strain Gage System· 

General 

In order to combine'most of the ~receding chapters into one 
focal problem, the· design of this system will be presented in detail 
as a sample, 

Measuring Sy~tem Input Requirernents 

557 

It is uuually necessary to start at one· end of the measuring system, 
end unless one l1as the choice of severa! meaa~ring instrumenta, that 
portien of the system serves as a satisfactory point of departure. 

Since tbe endurance limit of the bar material is about 23,000 psia, 
and sin6e.the bar is not to be destroyed, a maximum opernting stres~ of 
20,000 psi,, is aruitrarily assigned to the bar, Thus the peak to peak 
stress· v~riatióllS during the exper1ment will be, in the vici~ity of 40,000 
~~i. For best ~esults, these 40~000 psi are tu occupy thé full 4 inches of 
the CRO screen. · At maximu~ sensitivity, the ~no requires 0~010 volts rms 
at tho Y-input terminals per inch deflect ion on thc screen. The .minimum 
input sensitivity to the measurin~ instrument, in tsrms. of micro-volts 
par ~lcro-inch-per-inch strain will ba1 

~(i~ches on screen) 
40,000 (psi stress) 
1 

Corolln'ry 

X 

X 

= 

0,01 {volts rrns) 
1 (inch on acreen) 

/2 (vol t·s ,peak) 
x 1 (viJlt rms) 

30 x 1o6.(psi stress) 
1 (inch/inch stre.in) 

42,2 micro-volts per micro-incn per inch 
strain 'in the bar. 

lo414 micro-volts per psi st~ess in ·the bar. 

If a etrain gage circuit can be designad with this output sensi­
tivity, then. an amplifier will not be needed. ·Can such a circuit be 
deaigned? 

Maximum Strain Gage Sensitivity 

The maximum strain gage sensitivity in terma of S9 in micro-volts 
per volt output from the circuit per micro~inch pet inch strain has been 
shown to be a property only of the strain gage used and independent of the 
circuit·configuration (so long as it is passive) or of any supply voltages 
usedo 

= (Gage- Resistance) (Gage Factor) (Maximum Current Capa·city~ 



558 

Chapter XXII DYNAMI C STRAI N MEASUREMENT 

In this case it is assumed that there is-no choice in gage type avail• 
able, but that the gages specified must be used: 

30 
Ssmax = 500 x 3,23 x IOOO = 48,45 micro-volt~ per micro­

inch per inc~ strain. 

Corolla:z. 

If the output trom the actual strain gage circuit to be de~igned 
can be mado to be: 

42~42 X lOO 
48,45 = 87,7% of maximum sensitiv1ty 

no amplifier will be needed¡ 
' 

2_!_rcu1 t Des ign · 

'l'he design chart on page 119 may be u sed both for a Potcnt iomotric 
Ci~cuit and for a Whentstone Bridge, so that at this point a design can 
be mada without ~s yet specifying the type of circuit to bo finally 
employEfd, 

• On·the chart draw the horizontal line E = 

= I .a max g 

Find the horizontal line S 
r 

= 

= 

max 

15 volts 
S o 87,7% of "{GF) 

500 X 30 
1000 

= 13,16 

Now find that value o<f a for which tbe Une of E = f(a,V) ir:.tersecting 
tho E = 15 volt line and tbe line of Sr = f(a,V) 1ntersecting the 13,16 
volt line belongs to the same value of V, 

For the limited chotees· available on the graph the solution is: 

a = 9 

V = 150 volts 

By solving numerically from the corresponding relationships 

S = E a . 
r l + a 

V = E (1 + a) 

one finds 13.16 = 15 ( 1 : a) 
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ánd V = 15 (1 + a) or 

hence 

Corollary 

a = 
V = 
R. = 

b 

.7.07 
12lol volts 
3535 ..tL 
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Thro~gh proper choice of ballast resi~tance and supply voltage, a 
aystem has beon designad which does not need a pre-amplifier between the 
circuit and tll~ CRO,. but whlch demanda operation of the CRO at maximum 
sensitivity. ~urthermore, it turna out that there is no voltage source 
above 45 volts availablc so that the 11 ideal" circuit cannot be used • 

. Redesign of Circuit 

With V = 4~ volts, in order to have 30 milliamperes throu~h the 
gaae, the balla~t resistor must be Rb = 1000 ohms and the sensitivities 
from·pngc 119 will be, for the value of a = 2: 

.S V 
a 

45 
2 10 micro-vol ts/:'11.cro.,. = (l" + a)' !:2 X 

2)2 
= r u + ohm per ohm 

S = S (GF) :a 10 X 3.23 = 32 9 3 micro-vo1ts/micro-inch/ 
S r in eh 

Cirouit etfioiency a 66 2/3% = l + a 

Choice of Type f\f C:!rcu!t 

Since the ~hcnol!.anon doca not contain any static_stresses, a Wheat• 
stone bridge c!~cuit would unnecessarily oomplicate matters, The extra 
resistors and zero-balancing davices would be cumbersome·, A P'otentio­
metrio circuit 1s callad for in this case. The circuit va1uest 

V = 45 volta .,_ 
C: ;. I 

Rb = 1000 
V = 150 vol S 

a = 2 V -
~ -

,. t" 1 ' ... ,.. 
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· Circuit Properti~s 

Sensitivity 

a 

Maximum Output at 20,000 psi 

S 
.ó E /20,000 =. B 

E 

Non-Linearity at 20,000 psi 

n 

20,000 

' 1 
a + 1 

l + A R/R 

X 

Cll vo1ts/ f4. inch/inch 

32 0 3 X 20,000 

30 X 10
6 

1 

= 

2 + 1 1 l 3,23 X 20,000 
6 

30 :X: 10 

Oo021G volts 

= 

15,5 micro-volts 

Measuring I.nstrument R~::~ading Accuracy 

t\~.wutniúg tbe four incües on -the CRO can be goead to o.05 1nchas, tbe 
e~uivnlent input to the ORO isz 

o.os inches x 0.010 volts/inch x 1.414 volts peRk/volt rms IQ 0,707 mV 

Amplifier Specifications 

Since nn amplifier will be needed, the specifications sbould be 
drawn up: 

Gain; The min_imum gain 'must be: 

423'42 'micro-vol ts/micro-inch/inch required at cno input 
32,30 micro-volts/micro-incb/inch available circuit output 

Linear Input Region: The minimum specificat.ions should read& 

o.072% devia.tion from line"arity at 21,5 mtllivol ts input 
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in order to mate with the circuit output and linearity, 
The CRO, however, can be read to only 1-1/2% approxi­
mately, such that a revisad specification may be: 

1-1/2% deviation from linearity at 21,6 millivolts input, 

Noise Levelt This figure is dictated, ~ither by the circuit non­
linearity, since it does not make sense to have a much lower noise 
level than the linearity-limit of the system, 

(This limit would be 15,5 micro-volts) 

or 9 the limit could be the CRO readability, Oo05 inches on the 
CRO at maximum sen si ti vi ty correspond ~o o. 707 milÜ.vol ts input to 
the CRO wh;_ch corresponqs to o. 707- -tnillivol ts input to the 
amplificro G 

0.707 This U.mit would be - 0 mill1volts 

The largar. limit should prevail in tho amplifier chosenl 

Prequency Response: The use of the Potentio:netL4 ic Circuit deter­
mines that; tho aruplificr shall have a lower frequency limit. 

:. 

Signa.l frequency: 112o 8 cycles theoreUcally 
Cnlib!'"ntion :frsquency: l/60 second Bquare wave. 

f 1 to be at least 6 cps,, such that the fundamental of the 
square wave 1& fairly well in t1le "flat region," 

f 2 to be at least 6000 cpse, if it is desired to pass that 
component in the square wave wllose freque;ncy is 100 times 
the fundamental 6 This up~or limit lllUSt Le s~t by some rule 
of thumb as regards the number of harmonics of the funda­
mentnls to be passed 9 

Since these frequency limita c.ontain the expected signal 
irequency and any no~mal deviation from it, they may stand 
as specifications for the .amplifiJr néededo 

Input Impedance: In order not to interfere with the measutements, 
the input impeaance should be at least lOO times the gage resistancer 

· lmput impedance of amplifier greater than 50,000 ohms• 

Output Impedance: In this case the output i~pedance should be much 
lower than the CRO input impedance which is 50 1 000 ohms. 

J' 
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Comparison with Available Amplifier 

Gain 
Lower frequency· 
Upper frequency 
Input impedance 
Noise level 
Out¡.ut impedance 
Linear Input Regio~ 

Desired 

1,3 
6 cps 

6000 cps 
50 1 000 ohms 

27o2 u-volte 

21,6 mv, 1-1/2% 

Available 

26 
lo5 cps 

7000 cps 
106 ohms 

50 mv 

Comment 

o k 
o k 
olt 
01( 

check 
check 

no percento.;;c 
deviation figure 
given, Shoulü be 

checked. 

The phase characteristics can only be assur.cd to be satisfactory. 
A good asnumption is that the phase lag is consto.nt bfltween tho uppc1• 
and lower frequon~y limits, 

ConnL.1sion 

The nmplifier will be uscd with the circuit as finally deeignedo · 
If the calibration is performed with the amplifier in the circuit, exact 
fulfillment of al! the chnracteristics is not rcally necessary. The 
effect of too high 9n amplifier output i~pedance, !or example 1 would be 
r.~cou.."ltcd :for in th~ caU hration p:-oceedingso 

(f) Calibratioia 

Since it has Leen decidod to operate the bar at no more than 
40,000 psi peak-to-peak stress, and since there are 4 i~ches available 
on the CRO acreen, a convonieut calibration ficrure would seem to be 
10,000 psi/inch, 'J'be calibrution resistor necessary to aimulate the 
application of 40,000 psi stress to the bar beneath one of the ga~es 
would be: · 

500 = 116,000 ohms 

The ~nly resistor available, however, in that order of magnitude 
·bas a resístanc~ of 125,000 ohms, which will give equivalent stress of: 

E ~ R J 30 x 10
6 

[ 500 J . = 0----F x R ! R = 3, 23 125 , 500 = 37,100 psi stress1 
' • g e 

Hence, tf the total amplitude of the square wave which results !rom 
the periodic switching into and out of the cir6uit of the calibration 
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resistor, is made to occupy 3.71 inches on the CRO screen, the cali­
bration conditions will correspond to 10,000 psi stress per inch de­
flection on the CRO screen. 
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It is to ba noted that direct calibration in stress is possible 
only bccauae there is a uni-axial stress fiel~ and stress and struin are 
relatad directly through Young's Modulus~ 

(g) Experimental Procedure 

Strain hle~surement 

(1) ·Calibrata the acreen of the CRO using the equivalent 
strain method·and a 125,000 ohm calibratin~ resistcr. 
The reaultin~ signal will represent a stress of: 

o 

~n the CRO acrean. 
cno ie sot st:ch thnt 
on the screon of the 

. bration constant for 

R 
g 37 1 100 psi 

If the r-gain adjust~artt ori the 
this eignal oacup1c~ 3~71 inches 
CRO alon& the Y-axis, th~ cali­
the ::y~tem is a convenient: 

10,000 psi stress/inoh daflection on the screen 

(2) Adjust the Rayflex machina buch that the beam vibrating 
with an approximate stress ~plitude of 20,000 psi zero­
to pee.k for ::;he center gaea, No, l, ('l'he maximum stress 
in the b~am of 20,000 psi is taen below the endurance 
limit of the beam material of about 23,000 _psi, This 
condition ia desirable since the specimen io not to be 
destroyed,) 

(3) By means of the ewitching arrangement, read the stress 
amplitudes for all six gages without changing the Y·axis 
setting on the CRO control panel, The readings should be 
taken in as short a period of time as possible so thnt it 
may be assumed that the beam is vibrating at a constant 
amplitude.for all.readings. 

Amplitude Measurement 

(1) Focus the Cathetometer on one of the punch marks in the 
center section of the beam, while.the beam is at rest~ 

(2) -As the beam vibrates, this punch mark will appear as a_ 
lipe.whose length is to be meaeured with the Cathetom~te~ 



564 

Chapter XXII DYNAMIC STRAIN MEASUREMENT 

The lencrth of this ~ine is the double amplitude of 
vibration of the beam, 

(3) The amplitude reading should be performed simultaneously 
with the direct stress reading such that the results 
may be comparad as huving been obtained under the same 
condi tions 0 

3, Unsteady State Low Frequency Dynamic Measurements - Experiment No. 21 

Purpose 

To demonstrate the use and limitations of a recorder for the study 
·of vibrationso 

(a) Experimental Procedure 

A cantilever. beam with two pairs of st~ain gages mounted as shown 
in tha dia~ram !s to be subjected to variou& conditions 0 

Conditions 

1 

2 

(1) An original deflection at th~ free end, which 1s 
suddenly released to permit t~e heam t~ vibr~t~ freely 9 

(2) A concentrated load is appli~d to the free end, which is 
given nn initial deflection ünd then suddenly released 
to permit the beam to vibrate freely. 

(3) A ~oncentrated load is suddénly applied to the free end, 
being perm!tted to fall throuGh zero distance onto the 
hao:. 

(4) Taps wi th the steel hammer a·i; various locations along 
the boam. 

(5) Tape with tha steal hammer at a location 0 1 78L from the 
clamped end of the beam. (L is the beam length). 

Recordings will be made of all five conditions, 
and thase records will be examined for: 

Experimental Results Desired 

Tbe frequency of the first mode of ·vibration and tbe 
time constant of decay of this vibration. 

The frequency of the first mode of vibration and the 
time const&nt of decay of this vibration, 
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3 

4 

5 
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Verify that this condition of dynamic lending produces 
an initial deflection (or strain) which is twice the 
final value• 

Thé frequency of the second mode of vibration of the 
beam, Also a·scertnin the non-reliahility of the recordar 
for frequencies above about 40 cycles per second, by 
obsarving the sama phenomenon on the recordar and on the 
screen of a Cathode Ray Tuba, 

Notica the absence of the second mode of vibration 
because the beam is excited ~t the node of vibrntion of 
the second mode 11 

Not~ that the í~equency of vibration remnins constant and indopendcnt 
of the amplitudG·of vibration. 

Methods of Calculation. of Desired Resulte 

Frequancies 

The record~ngs obtained show period!c pips along a line nt the 
bottom of the record, .These pips are 1 second apart and provide a con­
venient time ~cale, such that one must merely count the number of cycles 
of vibration occuring in any given time interval in order to determine 
tbe iroquency of vibration in cycles per seccnd, 

Tl1e first, ~econd, and third modes of ~!bration w1ll bo evidcnced 
in thc _followin~ type pf record, and it is Pussible· to d1stinguisb betwoen. 
them a:; showu: 

2nd MODE 

-~ 
1 r, ,....,_ 

1/1 1 . '- ~oe!I!F-- 1st MODE 
,A .. , "\ 

3rd MODE· 
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Time Constants 

To a very good approximation 0 the rate of decay of the vibrati6n­
may be expressed by a function: 

Decay Factor: -t/1' e 

where 

at t 
at t 
at t 

= 

e is the base of the natural logarithm (2.71828); 
t is the time in ~econds 
T.ie the Time Constnnt of Decay 

O the decay factor is 1 
T th& decuy factor is 1/e ~ 0,3670 

2T the decay factor is 1/(e2) = 0 0 1353 

Ono may the~~fore determine T by ascertaining the ti~e ih seconds• 
!n which the amplitudo of the vibration has decreased to 36c7% of its 
initial value • 

. ± 
Initial 

~~~---Daoay Factor, o-t/T 

~o3679 X 
Initial 

Amplitude 

- ~-

(b) Qualitative Analysis of the Transient Phenomenon 

T~e theoretical analysis of the freely vibrating cantilever beam 
becomes extremely complicated when the initial transient phenomena are 
taken into account, Since the initial transient is of short duration, 
an excecdingly good approximate theory exista as a tool of analysis, A 
qualitative analysis of the cause of these transients, however, is 
indicatcd. · 

When the beam.is released from its static constraint (the initial 
end deflection), the effective loading on.the beam is changed from a con:., 
centrated cnd load to a distributed dynamic load. Tbis changa in loadin~ 
condition is accompanied by a changa in shape ·of tbe deflection curve. 
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Sinoe these changas cannot occur in zero time, a transient period of 
severa! cycles of vib~ation is needed before the beam settles down to 
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its normal free vibration for which the theoret~cal equations are derivad. 

Furthermore, the initial deflection condÚion of the beam corresponda 
to its stntic deflection curve, This curve may be regarded as a super­
positiori of th~ deflection curves for all the modes of vibration of the 
beam in proportion to the intensities·with whlch they exist, Thus, 
roughly, the static curve may be said to be composed of a positiva de­
flection of 103% of the first mode, plus a negativa deflection of 3% of 
the second mode, adding up to 100%_of the~static deflection curve. 

: _J!odo of 2ndo Mod0 at Oo78 L 

tal Rc.t'oronce - -.. --....-4 2nd o Moda ' ........ 

Stntic D~floction ..... 

lst. Modo 
_____?· ...... 

'· ..... 

It stands to reason, therefore, that dur.iug the initial few cycl.es 
of vibration, sevecal modes will be present until all but the first mode 
have decayed. Th1e decay takes place rapidly because the initial ampli­
tudes of al! higher modes of vibration aro exceedingly emall comparad 
to that of the first modee A check on this e'!plana.tion may be obtained 

·by exc:i.'ting the tar at tbe node of vibration of the -second mode (Condition 
No, 5)o The resulting record should sbow thG absence of the second mode 
of vibra.tion, 

It also beco~es apparent that if only the higher modes of vibration 
are of interest, tha beam must be excited a.t loc~tions w~ere tbe initial 
ampli tude of .tbe fir_st mode is small, whereas the amplitudes of. th~ higber 
modes are at their maximum. 

Horizontal 

lato Moda 

'1 
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(e) Speci!ications of System Componente 

Symbols 

L 

b 

h 

J. 

E 

w 

g 

t 

Items 
~ 

Length of the Beam 

Width of tbe Beam 

Thickness oi the,Beam 

Moment of Inertia of Beam Section 
b,h,3/12 

Modulus of Elasticity of the Beam 

Denaity ~! Beam Material 
~ 

Weight ~f Berun per [!nit Length 

Gravity Constant 

Time 

Units 

(ins) 

(ins) 

(ins) 

(ins
4

) 

(lbs/ins2
) 

. 3 
(lb,e/ins ) 

(lbs/ins) 

(lbs) 

2 (ins/sec ) 

(seo) 

Numerical 
Vnlues 

20,45 

1 

0,060 

o. 283. 

0,01·7 

0,344 

386, 

Frequ&ucy (cyc1es/sec) 

d o Initial Eud Poflection of Beam 

W, Concent1"atGd ~ud Load App,lied .. to the 
Beam 

i 

Constante obtai~ed as solution to 
\ 

(cos Ci,cosh c1 + 1) = O S~e be1ow 

Subscript to ·Denote Modes of Vib,ration 
1 1 2 1 3 1 4 1 5 1 6 eeome 

Strain Gage Type 

Gago Factor 

Gaga Resistance 

Node of Vibration of S,econd Mode 
(from Clamped End) 

(ins) 

.Ubs) 0,1 

1,93 

(O!V»S) 

0,78 X L 

Circuit Type 

Supply Vq1tage 

2 active gagas Potentiomatric 

(volts) 6 
1 
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(d) Theoretical Solution 

(1) Theoretical Solution for Freely Vibrating Cantilever Beam 

= cps 

where Mode of Vibration 1 2 3 4 5 6 
Value of· Ci 3,515 2~,04 61.7 120,9 200 298,6 
Vnlue of f

1 
in cps 4. 77 28 0 6 81,8 164,2 272 ~os 

(2) 'Ihooretical Solution (npproximate) for the Beam wi th an 
End Load W 

= = cps~ 
33 
r4o" w + VI 

(e) Instrument Characteristics 

The oper~ting manuRJ~ for the Rccorder will be available at test 
location. Froru them, obtain the recordar characteristics 

Type of System 

Null Balance, Unbalnnce or both? 
Cnrrie~ System or D,C,? 

·· lf Ca~rier System, what type ~arriar function? 
lf Carrier Sy~tem, is it phase-sensitive? 

System Cha~acteristics 

Sensitivity, maximum and minimum in term of mil.limeters 
pen deilection per micro-inch per inch strain in a 
single gar:;e~ 

Frequency response, upper and lower limits 

Noiee level in equi valeut strafn 

Imput impedance 

Linear Input Region in terma of strain 

Zero shift 

•. 
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Note 

Calibretion Conditions 

Type of System: Equivalent strain, equivalent bridge 
outputp parallel resistance? 

Transducer Source Impedance Limita: explanation 
1 

Rnnge Extenders: use and me.nipulation 

Zero-Suppression: use and ruanipulatiori· 

Gaga Factor Dial: use and 1nterpretation 

Circuit 

Bridge or Potentiometric 

Supply.Voltage 

Initial Balancing Means Available and Their Range 

9cneral Comments Which May be of Interes~ 

Types of Transducers Aocommodated 

AnythingElse Which Seems Appropriate 

If all these characteristics are not to be found in the instruction 

books, then either the manufacturar has published an incompleta set of 

characteristics, or the user desires information not really necessary, 

Comment on the r.vailability of the information, its reloti.ve importance; 

and give a short description of the instrument. 

~· 
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4. Transients of Short Duration ...... Impact - Experiment Noo 22 

(a) General Remarks 

The problem of impact has two major. aspects: 

(1) 

(2) 

When considered as that of maximum and most efficient 
energy transfer from one struck body to another_, such as 
occurs in pila drivers or air-hammers for example. The 
problem there is to transfer the energy from the hammer 
to the pile to the ground without ·excessive energy dissi~ 
~ation in the pileo 
When considerad from the point of. view of design where it 
is desi~ed to determine the stress vaiues due to impact, 
or optimum damping and redesign methods to lower peak strees 
values• 

The proposition is rendered the more difficult since theoretical 
solutions to impnct problems 1 although frequently available, are complex 
and difficult to carry to ~ompletion; furthermore, experimental methods . 
of investigntion must contend with the-extremely short periods of time 
during which th~ entire phenomcnon occurs• Work has been douc, nnd is 
continuing, amploying photoelastic techniques 0 Other investigators have 
used the electr~~ resistnnce strain gage and ita fore-runner, th~ carbon 
ESS strip fo4 investigations of impact problema. References te aome . 
previous work may be found in this section, 

\b) Tho Pr.oblem 

To deter~1ne the amplitudes and the rate of repetition of a stress 
wave set up by the impact of 'two f~eely swinging·bars; correlation between 
SOme CXperiiDAnof:ally dOterl.3ined quantitieS With SOme phySiCBl CharQCteriStlC.S 
of the syateme 

(e) . Exp~riment 

Obtain a photograph of part of the initial wave and two or three sub­
sequent reflections, using the.internal trigger mechanism of the CROo 

Calibrate the acreen of the ORO in terma of stress or strain along 
the Y-axis, and time along the x-axis,· 

Check the time between peaks of successive reflections determinad 
experimentally with theoretical values calculated from the information 
given,. 
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(d) Information 

Test Bar 

Length: 
Diameter: 
Radius at struck end; 
nadius at free end~ 
Material: . 
Young' s Modulus: 
Poisson' s Ratio: 

24 inches 
1,062 inches 
very large 
very large 
steel 6 30 x 10 psi approx, 
0,265 
201 1 800 ins/sec at room temp. 
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Speed of Sound in Mediumi 
·supports: at 2 locations by flexible strings •. 

Strikin'g Bar 

Length~ 
Diamoter: 
Radius at Striking End: 
Radius at Free End~ 
Mnterial: 
Propertiesa. 
.Supporta~ · 

/Distance Dropped: 
: Repeatabili ty of Dist.ance 
· Dropped~ 

Transducer 

Type~ 

. Style: 
Rtlsistance: 
Gage Factort 
Locatton: 

Measuriug Equipment 

24 inches 
0,627 inc::hes 
1,0 inche~ 
very large 
steel 
exact·props 6 unknown 
at. 2 locations by steel rods on 

ball bearings as sbown 
5 to 10 inches 

assured by an Ames Dial Gage which 
determines initial position to 
o.ool J.ncbes 

Electric resiatance bonded 
strain gage 

Baldwin SR-4, Ca8 
515 :!:. 3 ohms 
3¡0 t 2% o 
Three gages 120 apart -four from 

.struck ond of test bar, mounted 
axially, 

"Ellis Strnin Gage Unit" used as a 2 stage amplifier 
DuMont Cathode Ray Oscilloscope Type 304-H long pers:istance screen 
Polaroid Camera Attacbment for CROo 
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Characteristic of interest for.these instruments may be obtained from 
the instruction booklets available at the test location. 

~n Gage Circuit 

Type: 
Ballast Resistor 

Gage Hesistancc: 
Supply Volgflge: 

Strain Calibration 

Typé: 
Method: 
Calibration Resistor: 

Switch 

Time Axis Calibration 

Mothod: 
Type: 

Velocity Determination of Dropping Bar 

Type: 
Methods: 
Phototube; 
Series nesistor: 
Supply Voltage; 
Light· Source: 

Width of test strip: 

Poteutiometric 
7,500 olm wire-wound precision 

non-inductiva resistorso 
3 series gagas d 515 ohms ea, 
3 series adding 45-volt dry , 

cP.!J.s, 

ApiJarent etrain 
Enttre System 
5 M~gbhms rntod. To be acc~rately 

me~sured on a Wbeatstone Bridge 
provided, 

60 cycl~ buzzer contactor · 

Sce next few pageso 
Usin~ an oscillator as standard 

Exp~rimen"t al and/or theoret ical 
See next pagos 
RCA 934 
lO M~gohm precision resistor 
2 series adding 45 v. dry cells 
~ - volt automobile headligbt 

No, 1503 with leus system 
0 9 75 inches, 

(e) Calibration of CRO Screen X-A,xis in Terms of Time · 

Method 

One simple method of calibrating the X-axis of the CRO screen in 
terms of time is to apply a sinusoida¡ signa! of lmown frequency to the 
Y-input Terminals of tbe CR0 1 
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The distance between peaks along tbe X-axis of the CRO screen 
corresponds to a time interval of 1/(frequ.ency of input slgnal) in 
secondso The screen may thus be calibrated in terms of second per 
inch along its x-axiso 

It.is to be noted that the frequency-adjustment dials on the CRO 
mu.st not be touched between the experiment itself and the calibration 
of the acreen! 

. (f) Determination of the Striking Velocity of the Impinging Bar 

Theoretical 

Tbe striking vclocity of the impin~ing bar is given by: V = J2tg,h. 
where h is the holght of drop of the bar and g is gravity acceleration. 

Experimental 

The experimeutal m~thod available involves the mounting of a strip 
of known width ncar the striking end of the baro As a bar drops, ~ 
photocell arrangement is interrupted by the strip. An oscillographic 
record of tha tlm~ of passa~e of tbe test strip through the photocoll 
Rl'rnngement, coupled wi th the 1.~nowu width of the strip ·permite calcu-

. lRtion of the velocity of the bar at the photocell location. The photo­
cell muot ther~fore be located such that the test strip passes through 
it only an instant bafore impact occurs. 

\ ·. '\ '' VELOCITY ·, ' '\' ' '· ME!A_.'m\EMENT & ·,' '.' 
.J!:X'I•.EnNAL TRIGGER ' ~ 4i' ' oC ' . , ' ' ' . 

' 
,- ·~ - - ~- , 

1 !..r 1--
10 M.f't 1 1 L_ 

;r- Strip 

CRO 

'f ~ (!) 
1 

t 
~ 

. 
Photoooll lonso Lampa Pllotoooll 

Arrangcmont 

(g) Triggering the CRO 

With an open-shutter camera attached to the CRO, it becomes 
necessary·to trigger.the CRO beam o.t o.n instant such that the part 
of the wnve to be photographed appears on the screen 0 
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Several such triggering devices exist, three of which will be men­
tioned bere: 

(1) Internal Trig~or Mechanism of tbe CRO 

The DuMont 304-H possesses an internal triggering mechanism which 
is actuated by the incoming signal to be me~suredo As soon as.that 
signal reaches a predetermined amplitude (adjustable on the SYNCH con­
trol), the beam commences one traversa o:f the screen, displaying during. 
that t:Jme, whatever phenomenon is applied to the input terminals. Since 
the time of traverse of the beam across the sc~een ia variable (by' 
means of the FREQUENCY controls), this trigger is convenient on occasion. 
It possesses one drawbacl~, howover, end that is the following: there 

.ia a timo delay between the instant the desired signal arrives at the 
CRO and the instant the beam commences its traversa of the screen,· 
Usually, this delay of some 30 micro-seconds is not serious. In this 
~aso, however, 20 micro-seconds corresponda to almost onc-half of the 
!irst compressive wave which trnvels past the gage locationso The 
photographs on the following pages show tbis fo.ct. Hence, if 1t is 
riesired to obtain only the latter half of the first wave, and several 
of .the;,. subsequently reflectad wave:S 1 this method is quite adeqtlate. 

(~) External Triggering Mé~hanism 

. . 
If the complete first wave is desired, a mechanism must be found 

which emits an eloctrical signal at soma short, adjustable time prior 
to impact •. This s:lgna.l entere the CH.O at the EXTERNAL SYNCH binding 
post ~nd starts the beam on its traversa. 

a) One simple method is to use the instant .of impact itsclf to 
trigger the CRO. Active terminals may be connected one cnch to each 
barQ At the moment·of impact, the bars make contact, and the resulting 
electrical signal may be used to trigger the CRO, ·The duration of · 
that trigger will be the time of contact between tbe bars. This method, 
however, does not give an adjustable trigger in terms of time. 

b) Another method available here is the photocell arrangement 11 

Instead of using it for velocity measurement, the electrical signal 
emitted by the photocell circuit may be usad to ~rigger the CRO. By 
appropriate placement of the photocell, a controllable amount· of time 
elapses ·between CRO triggering and time of impact. Thus the initial . 
wave may be photographed. The only drawback here is that a second 
trigger signal is emitted when the beam bounccs back from impact. 
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(h). Qu~litative Study of the Impact Phenomenon 

Impact studies are complex even in the simplest theoretical cases, 
It is possible, however, with soma imagiuation and physical reasoning, 
to study the phenomena qualitatiyely, 

When impact occurs between two horizontally moving bars, stress 
waves are set up in both bars at the point of contact. These stress 
waves travel along tqe respective bars, much like a worm crawling 
nlnng the ground 0 The velocity of propngation of th~~e waves ts equal 
to the velocity of sound in the medium in which they travel. 

Referring to the diagrams ·on the fÓllowing pagas, the sequence of 
events may roughly be described as follows: 

(1) Impact occurs sending compressive stress wnves down both bars. 
Whun each wav~ renches the end of its bar, it is reflectad according 
to the boundary conditions existing &t that end in the bar, Since the 
bounda1·y conditions 1.n this problem are 11 free-free bars 1 " hence ;u;ro­
etr~ss ut the free ends, the compressive wave arriving at sucl1 a ter­
min~tio~ ts reflectad as a tensile wavc, ·Hence nft~r tha first reflectad 
wave in t~e struck bar has passed the gage location, zero stress exists 
beneatb t&e gage, (Refer to Nos 0 on the following pages )o Furthermore, 
tbe two b~rs exhibit slightly different properties, such that the tw~ 
waves iravelling in the bars do not do so at tbe same velocity, the ro­
flccted wave in the struck bar reaching th~ point of contnct slightly 
befare the corresponding wave in the &triking bar, 

(2) The condition of zero stress prevails in the struck bar after 
the first wave has been reflectad. Since the bars are still in contact, 
tbe striking bar, (which is still under a compressive stre~~ ~t the 
poict o! contact because its reflectad wave has not yet reached that 
po1nt), shares soma of its stress with the struck bar producing n new 
compressive wave which travels down the struck bar (See Nos. 2 on the 
following pages) and a corresponding tensile wave in the striking bar. 

(3) The refl~cted wave from the free end of the striking bar now 
reaches the point of contact a very short time after the phenomena in 
No. 2 have occurred. Its arrival leaves the end of the· striking bar 
with a condition of tensile stress, which is shared with the struck 
bar, eetting up a tensile wave (See No. 3) in the struck bar, 
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SAMPLE RESULTS 

STRAIN vs. TIME AT GAGE LOCATION 
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COMPLETE IMPACT PHENOMENA 

USING EXTERNAL PHOTOCELL TRIGGER 
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(4) Thc duration of contact is over as soon as the reflectad 
wave from the free end of the striking bar reaches the point of contact. 
The bars part company and a new set of boundary conditions must be 
satisfied: zero stress at the point which.was the point of contact. 
In order to satisfy that new condition, a compression wave (See No, 4) 
starts from the ex-point-of-contact iq the struck bar, leaving behind it 
a statc of zero stress in the bar~ · 

(5) Three separate waves are now left bouncing back ánd 
forth in the struck baro They arose under conditions Nos. 2 1 3 and ~. 
and they have ñifferent stress amplitudes Hnd nre delayed rolative to 
one another in time, This triplet gives rise to successively smaller 
pulse shapes which are reflectod from tho free ends of the bars until 
they are complAtely dissipated and the struck bar is again in a con­
dition of 1·est, 

The next page shows these steps in ter~s of stress along the bar. 
The page following shows the stress vs,_time relationship coriesponding 
to thnt nt the gage location, The actual phenomenon in the bar will 
not exhibit sharp square edges as a simple th~ory might predict, nnd 
tho rounding-off effect is shown~ It' will be noted thnt thts roughly 
predicted curve shnpe corresponds in general To the oue actually obtaincd, 

· It is to be noted that the distance between successive peaks in the 
refiected waves after imp~ct, should correspond to the amount of time 
it ~akes a wave trnvelling with tho spoed of aound in steel to trcvo! 

. twioe the total length of tbe bar. 

Further more, the duration of the initial wave is; 

2 x (distnnce from the gage location to the free eud of tbe bar} 
speed of sound in the bar material 

Thus an experimental check can be made with theoretically calcu­
lated valuea, 
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STRESS ALONG BAitS DURING CONTACT TIME 
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At Initial Contact 
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tor struck La.r 

After 1st. Reflc~tion in 
_striking bar has reached 
point of contact 

As bars part company 
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CH.\PTJ~lt 12 

:OIMENSIONAI. ANALYSIS 

12.1. Introduction. This chapter can he 1lnveloped in an autonomous 
way wi tlwut. Ut;Íil!l; thu moU10dH (1( nnalyl;lil:l introdur,¡:d in t.lw ~hcory of 
cluslít~ity. It is u.h;o true that, a.lthoup;h clitttei\HÍOIIItlu.tíalyl:lÍs wlll lwlp ín 
a hdter u••clcn:;t:wdin~ of so me prohlcms in theury of elasticit.y, thc ln.ttcr 
can be complctcly dcveloped withont using any of the dimcnsionnl-analyHÍS 
approarhes. As a mattPr of fact, the or¡!n.ni;,ed n.pproach to dimensional 
analysis is vcry recent, whereas the theory· of elastieity is an old seicnce. 
In Htrcss ann.lysis, the main application of dimensional analysis will be 
foun,) in the design of models. 
, A knowlcdge of dimcn¡.;ionn.l ann.lysis is neccssary for the proper dcsign 

of modcls and the correct intcrpretation of the test results obtain,!d from 
thmn. 

12.2. Dimensions of Physical Quantities. In me,:hanics, thc funda­
mental dirncnsions are n::mally taken as mass, length, and time, denoted, 
respcctively, Ly M, D, anrl T. Thc dimcnsions of ot.hcr physical quantities 
follow from their dcfinitiuns or from physical .law:s. For exn.mple, thc 
dimen~;ion of velocity, LT-', follo~v~; from its definition, quoticnt of 
lcngth by t.ime. Accelcn-.t.ion is defined as the quotient of velncity by 

·time aml has the dimcn~;ion LT- 2
• From Ncwton's ln.w, forec equal:-; t.hc 

product of mass and .accelera.tion; it follows t.hat force has the dimcn~;ion 
,lf L 1'- 2

• The dinwn;;ions of various physir.al quan tit.ies cumrnonly eneoun­
tcrcd in. nlCchani•:s are l!;iven in Table 12.1 Not-e thn.t stmin, an~le, ~nd 
Poisson's rat.io n.rc dimcnsionless. 

12.3. Dimensionless Products. Given the !ivc variable:-;, length l, 
arca :1, strain E1 force F, n.nd morlulus of ela:-;tici ty E, it may be obscrved 
that there are an infinito numher of product.s of powcrs of thesc !ive 
variables. ExamplesareJ.L 1 = e,t 3F 2E,J.L2 = A\i,J.L, = Ar3 ,J.L• = F''BA. 
Hcre thc exponents may be cithcr an intcgcr ora fraetion, and po:-;ii.ive, r.cru, 
or negative. The dirncnsions .of products of powcrs are ca.lcula.ted by 
rcplacing cach Yariable by its corrcsponding dimensions and computing · 
thc resulting exponents o( Jf, L, and T. Thus we rcplace l by [L], A by 
[L]2

, E by (1], F by {JH.7'-2
], E by [.lfJ.~- 1 T-2] a.nd obta.in 

( ¿_ r; 
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LPII~Ih, l. .. ......................................... · ... fL, 
.\r(':l, A .......................... ·.· ..................... fUI 
\"ollur.o, V ........ ......... :· ............................ [J..I"lJ 
Tinw, t .................... · ............................... [7'1 
Foree, F, P .................................. · .......... [.l!LT-21 
M:tsH, m.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....... [.111 
H¡wr·i fi.; w"igh t, 'Y ......•.•.......•...•... , . . . . .......•.. 1.1//,. '17'-1) 
Mass denRit.y, p. . . . . . . . . . . . . . . . . . . . . . . . . . . ............. [ :11 {, -•¡ 
:\ n¡{h•, O, </>, r·t<-.. . . . . . . . . . . . . . . . . . . . . ............ [11 
l'n~sRnrc ami Htn~H>~, p, a. . . . . . . . . . . ............... 1.11 {, ·•T-1) 
Velrll'ity, v. . . . . . . . . . . . . . . . . . . . . . ................... . p:r· '1 
Aee,,J,~ration, a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ........ ¡¡, 7'"-21 
An(.(qbr vclodt,v, "'· ................... :. . . . . . . . . . . . . . . . . iT--•J 
AIIJ.(tii:Lf ur.r!r~lr·ratlort, e1 .. , •. ,,,,, •• ,,,,,,, •. ,,,,,, •. , •. , •• ¡r--¡¡ 
Ener~.v, work, T, W. , , . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . .[.1/ /,21'-tJ 

.. 1\r••n~tutum; ~ ...... , ................................... f.I//,T-•1 
·-Power, P . ............................................... [.lf VT .. •I 
Momr~nt of a fom~,-M . .................................... [.11 f-21'-11 
Moment of incrt.ia of an arca, l . ........................... [VI 
Mnm•~nt of incrtia of a maRs, l . ............................ f.lf L'l 
Mo~ulus of clast!cit.y, E ................................... ¡,\f [.-•r-•¡ 
Str:un, •......................•.......•.................. 111 
PoiHROII 's ratio, V • •••••••.••.•••••.••••••• : ••••••.......•. r ll 

Dimension of p., [/..~] 2 [//]"[M/.~r•¡•¡M/.~-•1'-.'] = [llrLnT- 8 ] 

Dimension .of p.2 [UJ2 WJI [L') 

Dimension of p., = [/}][Lr 2 

Dimension of JI.• = [MLT 2 r'!ML-'7'- 2
)[//] = 1 

In general, the dimcnsiow; of a produet of powers 

JI. =· ll' A l,EA,Fl·El' 

will be 

or 
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Produets of powers likc p.3 antl p.,, whose exponents of Jlf, T, and T · 
a.IJ vanish, are callcd dimcnsionlcss protluct.s of power~. Evident.ly ihC' 
product Jl will be dimensionlcss if and only if the cxponcnts k k k k 

• 11 lJ a1 "' 
and k, sat1sfy all threc of the following equatim~s: 

k,+ k5 =o 
kl + 2k, + k. - k.~ = o 

-2k, - 2k~ =o 
(12.1) 
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Thcrc are 1111 infinite numhcr of comhinatioris uf lhc cxporwnt.s J..·,, k2 , 

k,, k,, all(l ·k_, which satisfy tlw ubove condition so that Lhe mtmhcr of 
uÍilll'Il:;ionkss pt'uducts uf powers which can be forrncd out of thc five 
variablcsl,.·I,E;P,andF:isinfinitc. Exarnplcsare11'1 = Az- 2,11'~ = p-·'m•, 
1r3 = i·'-'E.-1, 1r4 ~ A~C

4 , and ·11'.s = E- 1
• IIcre 1r denotes a dimcnsionless 

produr:t. uf powe;·s and has no conncction whn.tsoever with thc value 
3.1-lW. In this chaptcr, fJ. will denote a produet of powers of variables, 
whcthcr dimensionlcss or not. The use of 11' will be rcscrved to dcsignate 
a dimcn~ionlcss product of powNs of variables, ami the shortencd term 
dimr•nsirmlc.~s product will be u:;cd for this. 

Forrning sorne products of powers of the dimcnsionless products, it 
can he noticm.l thnt 

7Ta = 71'¡71'~ 
2 

11'. = 71'¡ 

so that 1r3 and 11'4 can be cxp•·cssP.d as products of powers of 1r 1 and ~2 . 
Thi:-; 1mggcsts thc following definition: 

.-\ _:-;~~t of indcpendc'rzt dimcn:-;ionlc:-;s product.s uf givcn variables ÍH une 
iu wl;id1 none of these produets can he expres:-;cd as a product uf powc•r¡-; of 
othcr dimensi~nlcss products in thc :;et. I-Icre agn:in, the exponcnts uf the 
po1rers may ·he intcgcrs or fractions, positivc, zcro, or ncgativc. 

For examplc, 1r1 and 11'2 forma sct of indcpendcnt dimcnsionlc~~ products, 
11'2 ami 1r3 form anothcr sct of indepemlcnt dimensionlcss products, 71' 2 , 

11'3, aild 71'5 form still anot.her sct -of indcpendcnt dimcnsionlcss produc:ts, 
and many more ::.cts uf independent dimcnsionlcss products can be formed 
out uf the infinite number of dimcnsionlcss products. Evidcntly if, in a 
set bf dimensionlcss prodiwts, only onc of them contains a particular 
vn.riablc, thcn this dimensionlcss product will be an indcpcndcnt onc. 
Tlte simplcst way to coustruct a set of indcpcndcnt dimcnsionlcss products 
is thercfore to make one variable appear exclusivcly in onc dimcnsionless 
protluct, anothcr variable to appear exclusÍ\'cly in anothcr dimcnsionlcss 

. product, etc. 
For cxample, in the sct of indcpendcnt dimcnsionlcss producb; composcd 

of 11'1, 71'3 , ancl 71'~, l app1~ars cxclusivcly in 71' 1, F appcars cxclusivcly in 71'3 , 

and E :i.ppcars ex~lusi n!ly in 11',,. 

12.4. Matrices:·and Determinants. Dimensional analysis is bascd on a 
thcorem dcmonsti'atcd first by nuckingham and known somctimcs as thc 
1r thcurem. To undcrstand this thcorcm, somc knowledgc is rcc¡uircd of 
the clcrnentary propertics of níat.rices. Thcse will be given bclow. 

A rectangular array of numhcrs is callcd a matrix. If thc number of 
co!umns equals the numbcr of rows, thc mntrix is callcd a sc¡uarc matrix, 
of order n. If there are n rows and m columns (n ;: m), the matrix is 
saítl to be of r '•r n X m. Associated with every square matrix of order 
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n j,; a nurnhcr called thc detcrrninant of order n. The dctcrrni 11ants ob­
tained aft('l' crós~ing out ccrtain rows or colurnns or bot.h from a mr.tri.\ 
nrc callcd tlw "dctcrminants of t.he matrix." Tables 12.2 aud 12.3 -ivP 
an example of a matrix aud one of its third-ordcr dcterminants L 

TAnJ.•1 12.2. ExAMPI.E OF A MATRIX 

TAnu; 12.3. A Tumn-onnF.n lh:TEitMOIAN·ro~·TJH: :\IATRIX oFTAIILF. 12.2 

a, 
ha 
e, 

Dcterrninants .can be evaluatcd by the rncthod:-; comrnonlv uscd in 
algehra. For ex:unple, thc value of the detcrminant of Tal;lc 12.:~ is 
a,b"c4 + a:.h .• c, ~ a .• b,c, - a,b.c" - a,.b,c4 - a4 b:.c,·. It oecasionally happcns 
that al! dctcrmmants nbove a CPrtain ordcr taken frorn a rnat.rix have 
the valuc zcro. The following ddinition is ernploycd in algf'hra: 

If a matrix cont.ain:-; a no11zero det.crminant uf orJer r, and if n.ll deter­
minan!.:-; of urder greal!'l' than r tlmt. the matrix eontains have the valuc 
zcro, the ran k of the ma t rix j:-; :-;a id t.o be r. _, 

12.5. Complete Set of Dimensionless Products; Thc conecpt of a 
compld.e :-;c~t. of dimc·nsioni!~H:-; prod 11t:l :-; is e:-;sen ti al in di rnen:-;i1 •na 1 analvsis. 
Thc followin~ is th~! dcfinition of a complete Hd uf dimen¡;ionl,~:-;s prod¡tcts: 

A ~;et _"f dtmcn~¡o.nb.;s Jli'IHluc:ts of given variahiPs ¡¡; cun.pldc if caeh 
~roduet 111 the set m mdependent. of the others in thc :-;ct., und ·~very dirncn.: 
swnless pmduct of thc variables i:-; n. product· uf po\\'ers uf dimcnsionlcss 
produc:t.s in Ll_1c ~>:t. In otlwr worrls, a c:ompletti sl't of dimer•:-;ionlt•:-;s pro­
duet.s Js a sct uf md!~pend!•n t cli nwnsionlc•ss prod uet.s wi th tiH' addi t ional 
property lhat CVCI'Y pos:-;il>le dilll!'IIHÍonlt~HS produd of tfw V:ti'Í:JÍ·it'>; lll:t)' 

be exprcssl'd as a produd. of pmrl'rs of tite dinwnsiordPss pr•Jdllcr.-; i" ~!:v 
sct. For cxamplc, 71'¡ and 1r~ havc lwen sholl'n to h1! indepe 11 d,·nt of ·,ad, 
other and forrn a :>ct of iitdependent dimcnsionles:s product.s. Also, 71'~ 
and 11'• have been shown to be cxpressihlc as produet.s of powers of 11' 

d Nr 'f ' . · 1 

an 11'.. ow 1 1t can be :-;hown furt.hPrrnorc that. any dimcnsionless 
Prodtt t ¿t• lt' .,,.t,¡••· · '11 . e 1r = 1 t 1' ~ IH expre:-;s¡ > e as a pr·()(hwt. of powc~rs uf 11'¡ 
and 11'2, thón 11'¡ and 11'1 will forrn a complete Sl't. Similarly 7r

2 
and 1r

3 
will 

forma comp_Icte st:t if f.hcy nwd thc ahove condition:.; fora eomplete :.;et. 
After dcahng Wlth thc prcviou:; examplc the general ca:-;c will be uis­

~UH~·d ncxt. Let U:> consider the n variables whosc dimensions are gi\'en 
m 1 ablc 12.-1. The rectangular array of numbeJ·s a;, b,, giving the 
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TABLF: 12.4. A DIMENSIONAl, MATIUX 

x, x2 Xn 

JI! a, a2 a.. 
L b, b, bn 

T e, e, e, 

dimensions of the variables x,, x2 , ••• , x: corrcsponding to the funda­
mental units in the first column is called the dimensional. matrix of these 
variables. Evidently the product x~·x~· · · ·x!• will be dimensionless 
if and only if the exponent.s le,, le2 , ••• , len satisíy al! thrce of the following 
equations: 

o (12.2) 

c,k, + C2k2 + + Cnkn 0 

By the theory of a.Jgchn.1 it ca!l oc !3hnwnt th:l.t. (1) Eqs. (12.2) pos::~ .. .s 
exactly n .....: r Iinearly iudcpendcnt solutiom; -in whieh r is the rank of 
thc dimensional matrix givcn in Tablc 12.4 and (2) any solution 
(k,, k 2 , • • • , k.) is a linear combination of thesc n - r lincarly indepcndcnt · 
solutions. Since each solution (k,, lc2 , • • • , k.) reprcscnts a dimcnsiunlcss 
product, propcrty (l) is equivalent to stating that thesc n - r dimcn-

. sionlf)SS products are indcpenUCIIt of each othcr and propcrty (2) is cquiv­
alent>.to stating that all othcr dimcnsionlcss protlucts may be expressed 
as a protluct of powers of thcse n · - r dimcnsionlcss products. Hcnce 
thc following lmportant thcorem on dimensional analysis: 

,. The numbcr of dimcnsionlcss products in a complete sct is cqual to 
( the total numbc1· of variables minus thc rank of thci~ dimensional matrix. 

It should be pointetl out that thcrc is an infinitc numbcr of complete 
scts. By accurnulating any n - r indcpcntlent di'mensionlcss products, 
a complete sct is obtained. ' · 

Rcturning to thc examplc given earlier in' this chapter, we ha ve the five 
variables l, A, E, F, and E. Thcir dimensions are givcn in Table 12.5. 

TABJ,E 12./í. Tnt: DtMt:!';SIONAL MATRIX OF Tllt: FIVE 

VARIABLES l, A, •• F, ANDE 

A F E 

M o o o 1 1 
L 1 2 o 1 -1 
T o o o -2 -2 

tSce n.ny standard tcxt on thcory of equations, for instancc, L. W. Griffiths, "Intr~r 
duction to thc Thcory of Equations," chn.p. 7, John Wilcy & Sons, lnc., Ncw York, 1947. 
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ft l'':lfl ht• :--ho\\'11 hy ('\":tlllat ion that al! dt'lt•rnlill:lllts or 1111' thinl ordcr 
la k•·•~ fr<>lll tht! lnatrix of Tahl<' !~_;) arn ;wro and at l1!:1st ont• 1,f the seeunJ­
ord•·r dl't!'l"lllÍII:tlll::> is not zero. Thereforc thc rank of t.hc dimensional 
mat rix is 2. Ilence therc are only 5 - 2, ot· 3, dililCII!-<ÍOnle:-s produets ¡

11 
thc complete 1-iet. Aceordimdy 1r1 = Ar2 11' = F ·•¡;{l _ _ -• e 

• • ' t 2 , , ".~ - E 011-

stitllt(~S a complete :;;et of dimensionless protluct.s of t.he variable~> [ A f p 

--.. 
V 

anJ B. It should be noteJ that any thrf:e indP.pendcnt dime,nsi~nles~ 
products here will form a complete set. · · 

_12.6 .. Dimensional Homogeneity. An equaticin will be said to be 
tltm•:nsion~lly hornogcncous if t.he form of the cquation J•)es not depend 
on t.hc urut.s o~ ~casm:cmcnt. For cx:un~>lc, thc equation of thc falling 
body (h = ~17t ) ¡¡.¡ vaiHl whctlwr length IS lllellHIIrt'd in fcct, meter¡; or 
in~:hcti and wh:-th~r time is mcasurcd in hours, year:>, or seeoncl:>, provi:lcd 
g ¡:; mcasurcd m the Hamc units of lenv;th and time ns h and t. Therdo 
b _, (i · · h . re, 

Y ue nutwn, t. e equat10n is dimensionally humogcncou:; .. If thc valuc 
·Y,~ :12.2 ~t.jscC

2 

i~ substitutcJ in the cquation, thcre rcsults h = lü.lt2 • 

: Jus cquatwn a~phes ón.ly if Jength is mcasured in fcet anu time j-:, !IiC:I.Slll"CU 
m sc•~onds and 1s not dnncn:>ionally homogcncous. · 

Thc applicn.ti:m of dimensional analysis to. physieal problcm3 if' ua:-;ed 
o_n thc hypothests that t_hc sol_ution of physical proi.Jiem:s is always exprc.:­
siblc __ by me~ns of a ~Imenswnally homogéncous equation in tcrm:> of 
spceif1cd va.nablcs. Tlus hyputhesis is ju:>t.ificd by the fact that thc funda­
mcn ~.al Cl~uations of mechanics are dimcn::;ionally honwgcneous anJ that 
relatwnslups tjmt rnay he dcdtw•~cl frorn t.hcsc cquat.ions are con:-;equently 
dimcnsionally homogencous. 

We quote: witho~t. proof, a fundamental theorcm on dimensional analysis 
callcJ Buekmgham s thcorcm:t · 

If an cquation is dimensionally hom¡igcneous, it can be reduced tiJ a 
rclation:;hip among a complete sct of dimcnsionlcss prudurts. 

12.7. ~lastic Structures Statically Loaded. All t.he al•o\·c applics to 
any phys1cal phcnomcnon. In thc following, an applieation will be Jcvcl­
opcd to t.he case of statieally loadcd clastic structurcs. Thc makrial of 
the s~r~ctur: cm: be complete!~ Jcfincd by the modulus of clast 1 ":~J 1.; 

~nd 1 o¡s:-;on s ratiO " as shown '!l thc chaptcr on the theory of t:lasticivy. 
Th? geom:~tr;, of thc structure can be dcfined by une length { and the 
ratio:; r,, r,,_r, , ... of al! othcr kngt.hs to l. Thc load:; can be di\'Ídccl.into 
fivc categoncs. 

l. Concentratcd loads acting on a point can be spccificd bv one of them 
p d th t" ' " • ' , an · era JOs r2, r2, r2 , .•. of the others to P.· P will ha ve the dimension 
of a force. 

tFor the proof of this thcorcm scc Hcnry L Langha"r "D" · 1 A 1 1 T ' · .. , •men~10nn na ysis 
anc lwor.y of l\lodcls," chap. 4, John Wilcy & Sons, Inc., Ncw York, 1951. 
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2. Loa<.b disfributcd on a linc can be spcciftcd hy o11c of thcm, Q, and 
the rntios r:~, r(., r~', ... of all othcrs to Q. Q will havc thc dimcnsion of 

a force per unit, lcngth. .· 
3. Londs distributed on a surfacc can [le specifiecl by one of them, R, 

and thc ratios r~, r~, r~', ... of all othcrs to R. R wi11 have the dimension 

of a furec per unit arca. 
4. Loads di:-;t rihuted in a volume can be spc<!ificd hy onc of them, S, 

and the ratio:; r_,, r.~. r.~', ... of all othcrs to S. S will ha ve thc dimension 
of a force pcr unit volume. Body forces such as the dead weight of struc­

turcs and sci:-;mic loads bclong to this catcgory. 
5. Prcscrihcd boundary displacernent.s can he specified by onc of thein, 

U, ami the rn.tios r
6

, ,.~, r~', . .. oí all othcrs to U. U will ha ve tho dimcnaion 

of a lcngth. 
Thc directions of the loads ~an be specified by 9, O', (}", • . • . The 

formula for thc stress at a point whose coordinatcs are x, y, z, will be 

u = f
1
(x,y,z,E,v;l,7 1 ,r:,· · · ;P,r2 ,r~,·: · ;Q,ra,r~· · · ;R,r.,r~,·; ·; (12.3/ 

S ,r5 ,r~, · · · ;U ,r6,r~, · · · ;0,8' t8" ,· · ·) 

assuming isotropy and homogcneity "and Hookc's law. The dimensional 

matrix of thc ahove variables is 

TAni.E l2.ti. DIMt:N!iiONAI. l\fATJUX ot· VARIARLES OF Et.ARTIC STRTTCTtmBs 

/ E l_ p Q R S u 
fT X !/ z , 

--- ---- _ .. - ..... ------- ------------· --
M 1 O: o o o o 1 1 o 
¡, -1 1 1 1 -1 o l o -1 -2 1 

T -2 o o o -2 o o -2 -2 -2 -2 o 

' ' ' ' ' 1 (J fJ' ,, . . . '• r, . .. T¡ ra . . . r,_ ,, '• r, ... rs re r, 
-----·- -------·-------- ----·---·--·-- --------··----- ----

o o o o o o () (J () (J () o o o 
... 

o o o (} o () o () () o o u O. o 
o o o·o o () () o (J (} o () o o 

Sinec ull tite t.hird-ordcr dcterminants takcn from the above mu.trix are 
zcro, and at Ic~~t one of thc secund-o~der' determina.nts is not zero, the 
rank of the matrix is 2. The numhcr of indcpcndent dimcm;ionless products 
nccessary to forro a complete sct of dimensionlcss products is therefore 
two lc:;s than thc number of variables. Ti1c following constitutes a com­

pfete sct of dimcnsionless products: 

IT X y z p Q R Sl u . ' 
E '7. 'l 'l ' 11

' EL2 'El 'E ' E 'T 'rur,' 

, r~. · · · , r 4 , r~, , r 5 , r~, · · · , r 8 , r~, ' 8, 8'' ... 

i: 

2&j 

By Bul'kin;.;h:Hn's tlworcm, Eq. (12.a) is reducible lo t.hc folluwing form': 

IT (.r y z . . p Q R Sl u 
E = ! 2 z • z 'í 'v, gi• '-m 'J.: ' g ·T ' 

· O O' · · ·) ' ' ' 
(12 .. l) 

In experimental stt·css analysis, it. is uft.en impral't il'ahlc Lo pt·rform lt•sts 
on t.lto real Htl'lldlll'l~ or prot.otype. I 11 swh c~ases, n model uf t he rpal 
strUd.UI'C ÍH !JujJt,, wmalfy al. a rcdU!~I~d ~wale and oftcll of :L ¡_]jf'l'I'I'Cill- lll:tlcriaJ. 
Tests' are ¡wrformcd on tite modei, all(l the strc:-;sps and strains in thc modcl 
are ddcrmined. Thc strcsscs and stmins in tlu·~ real st.ruct.ure can then 
be obt.ained if the relat.ion:; hetwet~n thc st.reRs('s and strai11s in t.hc modcl 
antl thc prototypc are known. '.L'itis relation can he establishc1! hy J~mcn-. 
sional analysiso and will now be· shown. Equation (12.4) i.; :•.ppli('(l t.., 

both modcl and prototype. Although the form of t.hc funetiun- f, is 
unknown, it is the sume for both. If we mn.kc 11 modcl sueh that t.ha 
nunwri1:al vn.l~cs uf all t.hc dimen:-;i~nlcss produd.s x/l, y/l, z)l, v,· . .. Íl.t 

the ri~ht-haml sidc of Eq. (12.4) are equn.l to tho:-;e of t.hc_ prototypc, 
_respcetivcly, then the numerical value uf o/R for thc modcl will also be 
cqual to that of the prototype. If the subscript m is used for thc modcl 
and p for the prototype, then 

or 

Thc truc stre:-;!'1 at any point .r, y, z in the prot.otype would tlwn !'"' f'qr.-..1 
to the strc:-;s n.t thc sirnilarly situated point in t.ltr. model mnltipli<'d by t.he 
ratio lwtwPen the modulu:; of clnst i('ily of protot.ype t.o thaL of modl'!. 

,'\:Inking x/l, y/l, z/l the :-;:une for both modcl and prototypc ;ueans 
that thc stress is t.o he taken at sirnilarly situated point.s in thc modcl 
and protot.ype. .Makin):!; r,, r:, ... the same for both model and prot.otypc 
means geomctric similarity for the model and prototype. l\lakin¡.!; r 2 , 

r~, ... ; r
3

, r~, ... ; r4 , r~, ... ; r6 , r.~, ... ; r6 , r~, ... ; 8, fJ', ... the same 
mcans similarity of load distrihution. · lf the stn~sses do depcnd on v, 

tlwn thc modcl material shuuld hn.ve thc same Poisson's ratio as the 
protolype. :\I~king f>/ El~. Q/m, R/ E, Sl/ E, U /l th1 rnc for both 

,. 
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P .. = !i':! ('~)2 
P, E, l, 

S.. E .. 1 
sp ""' E: l,. 

u... l .. 
u~=· T.. 

The loads must therefore be scn.led down a~cording to these rules. 
Similar anu.lyses can be cnrried out for thc displaccment w and the 

strain E at IIDY point x, y, z, of the structure. Thus 

w (x yz P ) 
l = f~ l'l!l'11 'El2

' ... 

For a modcl which has al! its values of x/l, y/l, z/l, 11, P/El
2

, ••• equal 

to that of the prototype, 

w.. l .. 
wp = ~ 

Thc dcformations havc not been assunwd small. Thc n.bove applie& to 
all structurcs madP of mat.criab oheyin~ 1 li>okc's la w ami strc.-;sed helow 
its proportional limit. Vcry flexible stccl springs, thin platcs transvcr~cly 
loadctl to brge Jcfkction, and othcr structures whcrc thc strcsscs, str_mns, 
displaccment:;, and rcdundant rcactions are in gcncml not proportwnal . 
to thc loat.ls can thcreforc a.lso be analyzcd by thc above proccdure .. 

12.8. Linear Structures. From the thcory of elasticity, we know that, 
for stiff structurc:> wherc the deformations do not affect the action of the 
lon.ds, the strcsscs, strains, displacements, and redundant reactions are 
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alwa.\"s lim·arfunrtions of thc loads. This knowl('d)!;t' makPs t.he folluwing~ 
:<ÍIIlplilication of Eq. ( 12.l) possihlc: 

U J' (X .1J Z 1 1 , ) E= Hl'i. Y1 l'l'l'II,T1,rl,···•r2,r2, ... ,8.0 , ... 

(12.5) 

Similar cxprcssions cxi::;t for w/l anJ e. If we makc .r/l, y/l, z/l, v, r;, r~, . . , , 
r2 , r~, ... , r3, r~, ... , r4, r!, ... , r5 , r~, ... 1 r6, r~, ... 1 8, O', ... ti1e &'\me 
for modcl and prototypc, t.hcn · 

where the COIIHtant::; el, c2, ... 'c.~ are indepcntknt of thc loadH 1', Q, R, S, 
U all(l are· the sume for modcl and protot.ypc. By running fivc separate 
tc:;b; on thc modcl, caeh tc::;t using only onc among thc fiv·~ typcs of loads 
P, Q, U, S, u, the valUPH of t.lwsc constants el, c2, ... 'c6 can be deter­
mirwd for any point whosc stress is rcquircJ. 

Similar eonstants for the Rtrain ·e and displacemcnt w/l can· be dctcr­
n1iru•d in thc sarnc manner. This reasoning will be applicd to two con­
crete ea:-;eH in thc following cxamplcs. 

Kwmplc l. Lct ux con:-;ider a thick plate with a holc (Fig. 12.1), under 
a uniformly distrihut.ed load R. at its t.wo ends. Lct the modulus of 
clasl ici t.y :md PoiH:mn 's ratio of thc material of the plr.tc be E. and v •. 

rcspe<:tivcly. Thc problcm is to desi~n a modcl to :-;tudy t.hc stress ..;;.-;t~i­
bution of this thick pl:üc. 

By Ec¡. (12.5), thc strf'sses u. in the prototype at auy point A. whose 
coon.liuatcs are x, y, z are givcn by · 

(12.6) 

or 

· Consider a modcl which is gcornctrica!ly similar to thc protot.ypc so 
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r 
R 

X 

FIG. 12 .l. Thkk platc with a hole, unucr a unifurmly Jistrib~Itcd load. 

that r r1 r" are the same for the model and prototype. Let the modcl 
,, ,, 1 . 

be made of a material having the same Poisson's ratio as that of the proto-
type. Under .~ uniformly distribut.ed load R .. , t.hc stresses in the model at 
a similarly situated point A,. will be given by 

(12.7) 

whcre g
3 

will have the same value as in Eq. (12.H). 
Equation (12.G) is Jividcd by Eq. (12.7) to ohtain 

(i2.8) 

- . 
The stresses in the prototype and in the geomP.tricn.lly similar model at 

simibrly situatcd points are thercfore in the same proportion as the 
intcnsity of the unifurmly Jistributed load. The matcrials of the pro~o­
type and the model must have the same Poisson's ratio but not ncccssanly 
the sume modulus of elasticity. The lcngth scale factor of the model docs 
not appear in Eq. (12.8), so that the modcl can be maJe one.:tcnth or 
five times as large as the prototype and Eq. (12.8) still holds. _ 
· If the plate is thin, from the theory of ela::;ticity we have the additional 
knowll'<lge tJ..Ilt the plane-stress solution is applicable. This means that 

2S!J 

i"• rhi"' !':tsc hoth thP thil'krwss of th•~ platl' arul l'oj,.:-.:""·~. ratio will llot. 

I'II!Pr thP :-olutioHI for ::;trcs::;e::;. For Sll<'h a prototypo• the nwd"l J~ou,.;[ !l1 ~ 
¡l;('<lllll'tric:dly simibr to the prot.otype in the dirl'dion of it·; width ,,;.~J 
i<'ll~th. It can be a thin plate of any thicknc::;s whif'h is 1"rnnll cvmr:--.rcJ. 
with the diametcr of the hole, mude of aily clastic material. The rciatiorJ 
between the strc::;::;es in the model and the prototype will s~ill be given by 
Eq. (12.8). Here agn.in, the lcngth scalc factor of thc model doc::; not entcr 
Eq. (12.8). The model can be half or twice the si?.e of the prototype and 
Eq. ( 12.8) always holus. 

· Example 2. Let us consider a thick cylinder with an ccce11tric hole 
loadcd as shown in Fig. 12.2. By Eq. (12.:>) the st.re::;:-;cs or, at any poin~ 
A 11 whosc I'OOI'dinatc~ are .r, !J, z aw ~ivcn by 

(/'~~ _ P, (~U.~ 1 ,)· + R, . (x!! z , ") 
E,- E,l! g, l'l'l'v,r,,r,,r, E, (J:o 7'/'/•v,r,,r,,r, 

p 

p 

p 

.LI--l 1 
...... -ff---r--r--·---
.... ·.:-tf--J __ t __ t_ __ 

-;:, A(x,Y,rl• 

.l.L..-----.---_;j 
t 
p 

(12.9) 

::, 

Fro. 12. 2. CylindPr muler interna! pre~sure antl a !'Oilt'Piil raiPd dianwtr:d load: 

Construet a model gcometrically similar to th~~ J.?;iven cylinucr, and 
mude of a material whosc Poisson's ratio is t.he same as that of thc prototype. 
Then, at a simibrly loeated point A,. in the modcl, the str"!ss~s under 
similarly distrihutf'd loaus P .. and R .. will be 

~'!' = _¿~ (~ !L ~ , ") + !i!!!_ (~ ?l ~ 1 ") B.. gm¡~ (1, l' l'l'v,r, ,r,,r, B.., .g' 1' l'l'v,r, ,r, ,r, (12.10) 

whcre g, and y" ltavc thP same values as in Er¡.' (i2.!)). 
To gct u, from tlw ohserved u.,. in the moJel, eithcr one of the two follow­

- ing lllethods can be uscil. 
Method l. The principie of superposition will be used. The portion 

of t~e stress (u.}t due tu P. alone will be determincd separa.tely from the 
port10n of the stress (up), due to Rp alone. Thcn the true st¡·ess up due tó 
P. and Rp will be obtained as the sum of (up), and (u~) 2 • ·Two separatc 
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tests must therefore be conduct~d, one employing P m only on the modcl, 
and the other employing R ... only ou the moJel. The va.lues of (o) 1 r.nd 
(uph are obta.ined from these two tests scpara.tcly by the method slwwn in 
Exumple l. 

Method 2. The ratio of P/l2 to R will be made the same in modcl as 
in prototype, so that 

P.,. R P ... 
-l2 = p R l 2 

p m m 

(12.11) 

By Eqs. (12.9), (12.11), 

f1p = ~ g, + R.,.ga .. 
= R.,. Rp z 2 Y1 + RvYz 

m m 

(12.12) 

R" [P ... · +R. J =Ji: l~ Y1 ... ga 
t,,,, 

Therefore by Eqs. (12.10) o.nd (12.12), 

(12.13) 

Given any combination of P. and R., it is suffieicnt to load thc spccirnen 
in such a way that Eq. (12.11) is fultillcd, anél the strcsscs in the prototype 
up can be calculated frorn the observcd stress u,.. in the modeL In this 
'mcthod oñly óne test necds to be condueted. But the stresscs obtaincd 
will be only those corrcsponding to the givcn eornbination of P. and R •. 
To obtain the strcsses of a diffcrent combination of P., and Rp, a sceond 
test must be pcrforrncd in a similar manncr. After the strcsscs corrcspond­
ing to any two di!Tercnt combiuations of Pv and R. are obta.incd, thc strcsscs 
duc toa load of Pp or Rp alone can be computcd by solving two simultancous 
equations. Thc stresscs corresponding to any othcr combinations of P., 
and R., can thcn be obtained by supcrposition. 

It should be pointcd out that no rcstrictions are imposcd· on the yalue 
of the modulus of elasticity E m of the material of thc model. The stresscs · 
are indcpendcnt of the modulus of clasticity. · Thc strains in the prototype 
Ev are always calculated from thc strcsscs and will of coursc dcpcnd on E •. 

12.9. Composite Structures. Where thc structurc is composed of two 
or more matcrials whose moduli of elasticity and Poisson's ratios are 
E, E¡, E2 , ••• ; v, v¡, v2 , ••• respcctivcly, the n.dditional dimensionless 
produets E,/ E, E2 / E, ... ; v, v1 , v2 , ••• would appcar, and thcsc must be 
the same for modcl and prototype. Oftcn Poisson's ratio docs not affect 
apprcciahly the strcs.-;cs sought and can thercfore he ornitted. For examplc, 
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t 111' rnod• ·1 of n n·inf orred -¡·on•TI'! e st ruC'Iun · ma.\· 1 H' r nadP ,f m a tPriab 
haYirr~ tlu! same ratio of moduli as hct.wccn stccl arrd I'OIII'l"C:te b 11 t •:.-ith 
P•>Í:<son's ratr!ls different from stPd and concrete. · 

12.10. Application of the Method to a Specific Stress-analyó:is Prr:.,JIP."":. 
Suppose it is desircd to determine expcrimcntally str,~s:,;c:; und strn.ins ¡:et 
up by shock waves impinging upon obstructions crnb1~ddcd in a wave­
propaga.~.ing mcdium. ~incc full-scale tests are expcnsi\·e, the posiiihility 
of expcnmcntally studymg thc problcrn by means·of scaled-down models 
migh.t be considercd. For example, thc stresscs eould be dctcrrnincd photo­
elastiCally, ancla purcly optieal approaeh rnight be usrd to obtain displace­
~ents an~ hen~c strains. By rne:tns of thc rncthods of dimcn,.;ional analysis 
d1scwsscd 111 tlus clraptcr, the fcasibility of using such cxpcrimcntalnwtl10ds 

. to.stu~ly th~s problcm will be invcstigatcd. H is cautioncd, howcvcr, that 
th1s d1scusswn should b?. lookcd upon as only an example illustrating the 
use of thc methods of thrs chaptcr; and whilc a set of sr~ale laws are Jcrivcd 
whieh must necessarily be adhcrcd to in condueting the expcrimcnt there 
is. ~o reasou to believe ~hat these laws reprcscnt a sufficient sct ~f ..:oli­
ditwns to be met. For a ncw problcm such as this which is gone int<> rnr 
the first ti~1c, a simplificd approach is uscful as a preliminary fea:;ibrii~y 
study; but 1t may b'c found that additional variables oirer the (l!lcs selccted 
have infltwnce on thc problern. 

The vtiriahlcs involvcd in spccifying the phenomcna are c.ontaiüed in 
sorne function 

u = F(:r ,y ,z ,E ,E,¡,E,JI ,vn,P,Pol ;l,r1 ,r: , ... ;P ,r
2 
,r~-.~ .. ; 

Q ,T3 ,r;, ... ;R ,r. ,r~, ... ;S,r~.r~, ... ;U,r6 ,r~, .. _. ;8,8' ,8" ,.;.) (12.14) 

which givcs the stress at the point x, y, z. Symbols which appcar hcre 
and wcrc ~wt prcsent in the prcvious cxamplcs are those arising frorn 
thc dynamw natnre of thc problem, viz., mass dcnsity p n.nd time t. The . 
terms En, Po, Po rcfc¡· to to the ~hstructions, whilc E, E, 11, p rcfer to the 
wavc-transrnitting mcdiurn. Thc rernaindcr of thc variables apply through­
out both. 

T~c following simplifir.ation and assurnptions are rnadc: By thc intro­
du~tiOn of. E. and v it is irnplieit.ly assurncd that thc phcnorncnon oecurs 
entJrcly Wltlun the clastic range. This is not quite true in the case of 
many P!H~toclastic matcrials. In most plasties, for example, the rnodulus 
?f ebstw1ty E has bccn found to vary with strain ra.tc. If this effect 
Is. vcry pronounccd, thc problern bccomes much more complicated. It 
WIII ncverthcless be supposcd in this illustrativc example that E and 
, are constants and that this approxirnation willlead to sufficierrtly ar:curate 
results. · 

It wil! be f;1rthcr as:·mrncd that no damping occur::~, 1.e., th~t there ¡
8 
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no wave attcliuation rc:;ulting from intcrnal.friction, or, as it is often 
ralled, "hy::;tcrc::;is damping." Dumping is prcscnt to some cxtcnt in all 
matcrials, but in this cxample it will be ncglcctcd. 

Isqtropy and homogcncity are, of coursc, also assumcd. Thc tcrms 
S, r~, r~, · · · can be excluded. if body forccs are ncgleéted. .In many appli­
cations, obstructions can be considercd to be acted upon by a planc-strain 
shock wave (i.e., one for which the strain perpendicular to the dircction of 
its travel is zcro). This suggests using for the model wave-transmitting 
medium a slab of photoelastic material (see Fig. 12.3). Knowing the stress­
time shape of the shock wave approaching the obstructions, a simuln.ted 
stress- (or displacement-) time wave can be applicd to one end of the model 

.. 

1 
1 
1 
1 
1 
1 

y 

J-----------

r Oirection of photoelostic ond 
opticot· observotion 

Fm. 12.3. Po~sihlc Jahomtory method for rlctermining Rll'l'~~~·~ around ano diApla~emcnts 
of obstrudion.~ partially or fully emhcdded in an ch~ti" m .. <Iium. 

medium, and thc resulting stresscs and displn.cements around the obstruc­
tions can be dctcrmincd by photoclasticity and optical techniques as 
schernat.ically- indicated ·in thc figure. By so forrnulating the problem, 
the variables P, r2, r~, ... ; Q, r,, r~, ... ; R, r4, r~, ... ; rn, r~, ... ; 
e, 8', 8", ... can be omittcd in Er¡. (12.1-1), leaving ;:;imply th~ dispi::I~CiuColt 
U = U(t), which represents the plane motion of particles in the medium 
immediately in front of the obstruction. Equation (12.14) thus simplifies to 

u = F[x,y,z,E,Eo,E,P,Po,P,Po;t;l,rl ,r: , ... ;U(t)) (1~. V)) 

Examination of the dimen::;ional matrix of thcsc variables will show that at 
tet).st one third-ordcr determinant is not zerot, so that the rank of thc 

tone nonzero determinant is thut c'orrcRponding to the thrcc variables "• p, t; that is, 

o 
-1 -3 o "' -2 

:-2 o 

DI:'IIEN,_.IO:'\AL A:"I:ALY!-\18 
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matrix is 3. The numh<!r of indc¡JCndcnt d' · ¡ · 
f ' . . . unemnon css produets ncccssary 

to orm a complete sct_ of dimcnslOnless proJuct.s is thcrdon~ thrPt: le~" 
than thc numhcr of vnnahlcs Onc of th . f . . · 
set. is • . . , e nays o wnt.mg the C'Om¡_~ • 

.!!_ ~ '!!. ~ ¡í;" Pt Po U 
EE' l' l 'l' H 'E,v,vo, F:t'i ';,,r.,r:, ... '¡ (12.Hi) 

lf t;ct valuc of ca<:h of thc:-;e grou¡m is rnade thc same for thc modcl .and 
pro o ype, thnn, by Buckingham's theorcm the law [Fq (J') ¡-)J . 
the phcnomcna will hold for hoth. l\Iakin'g x/l' 1 /l ' /.l -· ·>, govcrrtlllg 
for hoth r th t th 1 ' .'1 • z ' r., r., ... er¡ual 

neans a . e mo< el will be gcomctrically similar to the rotot . Je 
and that the stresses occUITÍng in thc moJel will . . · th p .} 1 

t . 11 • ocuu 111 . P pi'Ototypc at 
gcomc nca y similar loeat.ions. Using subscript.s m and p t . d. 
model and prot t · o cnote 

o ypc, reswr.twely, and introdur~ing t.he scale factors 

K, = u. K R = }}.!! K - ~ 
U'" /~", ' - E 

t~e condition of equality betwccn model and prototvp: of the fir ¡. d' . -
swnless product can be written • s Imcn-

K,= KEK, 
This can be done for all thc dinwnsionless groups, 

K - }" ¡.·· • - (" \, K".= K,., K. = 1 
with the results 

K. = K .. = 1 

K. = K.. K, = K,K, 
If ~he test is kcpt within thc linear l'angc of elw;t.il'ily th • . . 

K, = l need not be mPt Th' . . . . ' e ru¡u¡rcmcnt 
. . IS Js becau::;c a devmtwn from this rcquirc 

ment co.rrcs~ontls ~llly toan equal dcviation in K. and K "• whic.h in tun~ 
merely unphes a lughcr or lowcr stress arld d'. 1 . 1 

1'h . 1sp accmcnt cvcl . 
e reqlllrement that K = K _ 1 . · 

b th l 1 l 
• •• - means that P01::;:-;on 's ratio for 

o mo! e ant prototype b t. t' d 
. . O S 1 UC 1011 an Wave-tmnsrnittirw me {' 

m~st be equal. _Qlllte probably it willriot be po::;~;iblc to adhcrc "'to th~ll;~~ 
qurremcnt, and It must be ncglected. . ~ 

. A final simplification: if E~ is much larger than E (that . th L . 
twns can be assurn1·d to 1 · · . 18

• e o ... ~rru.­
medi ) E b , . >C rigid cornp:u·ed With thc wavc-tran~;mit.ting 

t~m ' . o lean e dropped from the analysis. The final set of ::it"llc-hw 
equa wns Is t 1en · ' ' ' 

IC = ICd(. 

K.K: = K.¡¡K: 

K.= K •• 

K.= K,K, 

K. = arbitrary but bclow clnstic limit. 

(l2.17a) 

(12.!7/J) 

(12.17c) 

(12.17d) 

(l2.!7e) 



294 INTRODUCTION TO EXPERl~lENTAL-STilESS-ANALYSIS :\IETIIODS 

Thcre are mn.ny possiblc ways of combining thc variables to ohtain 
a complete set of dirnensionlcss prouucts sueh as givcn it¡ (12. W); ho\l"cver, 
the one eh osen lcads to a form of Eqs. ( 12.17) which udmits a dircct 
phy~ical interpretation. 'fhus, Eq. (l2.17a) i::; rcprcscntativc of the stress­
strain relations [scc Eqs. (4.17)), and Eq. (l2.17b) corresponds to the wave 
cquation in mechanics. t The third equation simply states that the ratio· 
of densities of ohsüuction to wave-propagating mcdium must be thc same 
for both model and prototype, and Eq. ( 12.17 d) expresses thc st.rain­
displacemcnt rclations oí the thcory of elasticity [Eqs. (2.11) and (2.1:3) ). 

Other scalc factor::; ran be dcri-;ed from those in Eq. (12.17), viz.: 
Wavc-vclocity scalc factor = K d K e (12.18a) 
Wave-accclerat.ion scale factor = K,/K~ (12.18b) 
Particlc velocity scalc factor = KufK, = K,K.fK, (l2.18c) 
Particleaccclcrationlicalcfactor= Ku/K~ = K,K.jK~ (l2.18d) 

Thc ba:;ic dcsign cquation for setting up thc expcrimcnt is Eq. (12.17b). 
To illustráte, suppose the VD:lueH . 

E, = 1~5,000 psi 

{Jp = !Jo Ib;re 
are assumed for soil; aud 

E,.. = 18 psi 

Pm = 62 lb/ft
3 

(" 

are taken for the choscn photoclast.ic modcl material; then by Eq. (12.17b) 

!f_~. = 155-:üoohs ~ .w 
K e "\}-90/G2 -

This means that, for a wave truveling 1,700 fps in the soil, the model wave 
vclocity will be 1,700/46 = 37 fp::;. The above also est.ablishe::; thc ratio 
of the sc~llcs for length and time. If a convenient Jength srale is 150, 
the time scale will be approximately 3. The acceleration scale will cor­
respondingly be, by Eq. (12.18b), 

K, 150 
K~= 9- = 16.7 

From Eqs. (12.18c), (12.18d), particle vclocitics and accclerations will, 
on the other hand, be K,K,/1}1 = 4HK, nnd K,K,/K~ = 16.7K,, rcspcc­
tivcly, which indicates that these are proportional to the strain scale 
factor, whatcver its value is choscn to be. 

tA simplificd form of which is, for examplc, thut thc velocity v of u wuve propaguting 
in a long ~lcnder elastic bar having dcnsity p and moduluR of E is expreMsClJ by: v "" 
vE/p. 
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12.11. Structural Similarity. [f t.hc fundamPntal Pquatior;s goYerrting 

the plwrtllllH"Iia are known, thc sealc-f:ict.or lam; may be dcrivctl direnly 
from tll('se cquations wit.lwut. utilizing thc methods of dimcll!'Íonal :u •.• :J s•s. 
Thus in thc ex a m pie m en tioncd in Sec. 12.1 O we tnight expcct tha t t.hc 
st.ress-strain rcla.tions, thc strain-dispi:H~emcn t re! a tions, and thc \VU ve 
~quati~ms of mechanics are known to appl~. lly wri ting tlrcse equations 
~n the1r .most general form for both thc model niHl the prototype, and 
mtroduclllg the scule factors, Eqs. (12.17) will rcsult direetly. 

In order that the reader muy undcrstand thcse conccpts,.hc is 'adviscd to 
pursue the following simple ex:lmples which illustrate the ~.<se of struetural 
similarity in.the derivat.ion of the basic scale-faetor lnws in cach particular 
problem. · 

Straight }.1 cmbcr undcr Axial Load. One of the sirnplcst prohlems which 
muy be solved by the principies of structural simibrity is that of n. strai(Tht 
tension memhcr undcr a unidimensional uniformly dis"tr-ihutcd. axial lo~d. 
Such a mcmber of rectangular cro~s section is showu in Fig. ··12.4 .. Here 

1 
1 
1 
1 
1 

J.-
Ap 

.... ---1 
lp --r 

1 
1 
1 
1 

Rm 1 
1 

lbl Model )... 
/ 

/ 

RP 

lol Prototype 

F10. 12.4. C1em~u:t.rie similarity betwecn mmJcl nn<i prot .. typ" in th~> l'nsc of a strail(ht 
bar under n urudtmensional 11tat.o of streRR. 

i~ may scem that th'e dimensions of a gcomctri<·a.lly similar model are 
gJvcu by l,.. = 'Al,, a .. = >.a,, and b.., = 'Abp, wherc 'A is a given coustant 
factor. The cross-sectional arca of the prototype is givcu by 

(12.19) 
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The arca in the model will be givcn hy 

.4 .. = X' X A, 

Similarly it is seen that 

(12.21) 

where V .. and V, rcpresent the volumes of thc model and prototypc 
respcctivcly. 

If the strcsscs are defined as total force across any cross scction divided 
by cross-scctional arca, i.e., q, = R,/ A, and (]' .. = R.,./ A.,., it may be sccn, 
using Eq. (12.20), that 

R, 
. (]',. = x~A, (12.22) 

If the requircment that the strcsscs in the model and in the prototypc be 
the same is to be satisfied, it is n.ecessary that thc load on the rnodel satisfy 
the relation 

(12.23) 

If the requirement that the load on the rnodcl and on the prototype be the 
same is to be satisfied, it is neces.<;ary that the stress in the model satir;fy 
the following relation: 

1" (12.24) 

At this point it may he ohserved that the elastic constants E and " 
do not influenee the scaling laws of eithcr thc mod9l strcs~cs or rnodelloads. 
Assuming that the elastic constants of the nl.ode and the prototype ~re ' 
different, it is necessary that the scale-fador laws for the model strams 
contain one of these constants, viz., Young's rnodulus, E. Thus, we have 

(12.25) 

(12.2H) 

From (12.26) it is easily seen that the requirement that the strains in the 
· model and in the prototype be the same implies either that E .. = E, and 
R ... = X2R, or that E,. ;é E, and 

. (12.27) 

29i 

The rec¡uircnH'Ilt that tlw loads on thc moJel and on the prototypc be the 
sume implics that . . 

E 
E - • .. - x~l•' E, J"' . (!2.23) 

It Rhould be obr;erved from Eq. (12.22) that, regardless of thc geometric 
shn.pe of the cross section, if A .. = Av/K,· 

(12.29.) 

providcd that the loa.ds are thc same. It should nlso be pointed out that 
Eqs. (12.25) and (12.2H), relating the strains in the model to the strains ¡

11 
the prototype, will be valid rcgardlcss of the shnpc of the cross scctiou 
That js, if · 

A ... = X2A, 

whatever the shape of A., and A,, the strains in the .model will still be 
relatcd to the strains in the prototype and Eqs. (12.27) and (12.28), 

1
viii stiil 

be val id. Another important rcsult shown by these considcrations is ~ t.. ... t ~·:u~ 
mo~ulus of elasticity may be determined from spccimens of any crosu 
SCCtiOn. 

The total displacement of any speeirncn is given by 

(12.30) 
Thus the total displaccrnents in the rnodel and in the prototype are given 
respectively as 

!J.lp = l,E, 

Substituting (12.26) into (12.31), we obtain 

M .. , then it follows frorn (12.32) ancl (12.33) that 

Rp l.,. R .. 
E = X2 l E 

p " .. 

(12.31) 

(12.32) 

(12.~3) 

(12.3-l) 

Then Eq. (12.34) must be the scalc-factor Iaw rcla.ting thc rnodcl loads 
and m.o~ulus ?f clasticit.y to the prototypc Ioads nnd modulus of elasticity 
when It Is des1red that displaccmcnts in thc rnodel and in the prototype be 
the sarne. It can be secn from (12 .. 3-l) that if E., = E thcn 

. "' 
(12.35) 
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If, on t.hc other hand, the Ioads on tbe m ocle! and protntype are the ~::une. 
i.e., R.., = Rp, th<~n it ·rollows from (12.25), (12.2fi), (12.:n), and (12.~2) that 
the scalc-factor law rclating the total displacemcnt and modulus of elas­
ticity of the modcl to the total displacemcnt and modulus of elasticity of 
the prototype is given by 

l l,. Ep l 
~"' = lP '¡..2/i:., ~.P (12.36) 

Unifnrrnly Loarlcd, Simply Supportcd Rcam. The sccond exarnple of 
intcre:-;t is the prohlem of the uniformly loaded, simply supf>Ortcd hcam. 
Figure 12.!) illustrates such a b~am. If it were desirable to study the 
mcohanionl hohnvior of guuh 11 hr.am by mt:aml of a modo!, it would bQ 

Fw, 12.5. Simply support.cd bcam und"r uniformly distrihutcd load. 

necessary to determine the scale-fn.ctor ln.ws relating the cieflcctions and 
stresses in such a model to the strcsscs and deflcctions in the prototype. 

The length, dcpth, and width of the model are assumed to be given 
respectively as l,.. = "Al., 2c, = 2Xc., and b, = M •. The coordinate system 
is defined i~ Fig. 12.5. If we define a value C as 

l e = - (12.37) 
e 

where l is the moment of inertia of thc cross section of any beam all() 2c 
is the depth of that beam, thcn we ha ve from the properties of geomet.ri<:n.l 
similarity that 

1 ... = x~Ip 

c .. = xacp 
(12.38) 

(12.3fl) 

From elementary strength of materials the dcflcction at any point on this 
beam, the elastic moment, and the longitudinal normal stre~::; are given 
respectively by: · 

y = Qx ( -·l3 + 2lx2 
- X3

) 
24El 

M= Qx (l- x) 
2 

u = M = Qx (l - x) 
e 2c 

(12.40a) 

(12.40b) 

(12.40c) 
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Suhstitut.ing into Eqs. ( 1 :!.lO) the geollletri<·al dinwn~ions nnd const ants 
of thc prototypc ami moJel, wc arri\·c at the rclations . 

(12.41a) 

Y - _Q_ .. !_!!!_ ( /3 +' 2/ 2 3) .. - 2-18..,/,. - .. • .. x .. 7' x .. (12.41b) 

M = Q"!.!' (l - ). 
P 2 P • Xp (12.41c) 

0:?-ild) 

(!p = ~_L. f),,r!' ( 1 - Xp) (.',, 2(',. ,. (12.4le) 

= 
11! .. Q .. ~"!. (l -·x .. ) ' u,.. = (',. 2('.., .. (12.41/) 

Substit~ting ~he g~ometrieal Jimensions of the model in tcrm~ uf the 
geometneal di~enswns of the protot.ype into Eq. (12.41b), (12.41d), and 
(1241/) and usmg the reluti~ns (12.4Ia), (i2.41c), and {12.4le), we get 

. Q, R. 
y, = -Q -¡¡;- Y. 

p J'J,. 

M·= Q,. ~ 2M. ,. Q, 1\ p 

(12.42a) 

(12.42b) 

(12.42c) 

Frorn Eqs. (12.42) we see that if E = E an(l Q - Q th d n t: f 
' "' • m - "' e e I'C IOill' O 

t?e model antl proLoLype are the sume. It should be pointed out at this 
time th_at because Q, and Q. are defined as loads per unit Ieng!.h, if the 
lengt~1 IS doubled the total load will be doubled but the deflcc<ion~ .. _.;¡! 
rernam thc same. · 

ItisobservedfromEqs.(I2.4l)and(I2.42)thatifu = th lt' 
1 .. u •• e res u lllg sea e factor laws will be · 

Q .. = 'AQ. 

~M .. = XaMP 
(l2.43a) 

(12.43b) 
Ep 

Y .. = A¡¡- Y. (12.-l3c) .. 
Cantilcver Bcam under Con · t t d L d A h · · 

1 . ccn ra e oa . not er examplc sumlar to 
t le la::;t onc ~~ the problcm of the cantilever beam under a concentrated 
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cud load. Fig. 12.1i shows surh a ht.•am of lcngth l u11Jer load P. Thc maxi­
rnum dcflcction Ym .. is found 'Írom clcmcntary strcngth thcory coilsidcra­
tions to be givcn by: 

/k---l-~-~r 
~====~~--=-=_;;!_l_l 

~max 

F10. 12. 6. Cantilever beam under conccntrated load at the end. 

(12.44) 

If a rnodel were constructed gcometrically similar to the prototypc, its 
length would be given as l,.. = Xlp and the mornent of inertia l m would be 
given as l m = X 4/p. As is easily seen, the equations for the rnaximum 
deftection in the prototype.and model are then given respectively as 

y, max 
_ Ppl! 

(12.45a) 
- 3EJP 

·y. mar; 
= P .. l! (12.45b) 

r 3B .. I .. 

By substituting into (12.45b) thc gcomctrical dimensions of thc model in 
terms of those of the prototypc, we obtain the scale-factor law for the 
ma.ximum dcflections, 

y,. maJt (l2.4fi) 

From Eq. (12.4!i) it can he :SC<'Il that OílC way to havc y ... mu = y, DRX ;~ to 
make E. = E .. and P,.. = XP •. 

Thus if we construct a rnodcl whosc dimcnsions are, say, onc-half of 
thm;e of the prototype and which is maJe of thc samc material, anJ load 
them in a manner su eh that P,.. = }P ,, we will observe that thc bar A R 
as shown in Fig. 12.7 will rcmain horizontal aftcr dcflcction of the two 
caatilcver hcams (Scc Fig. 12. 7). 

lleauy Beam Simply Supporlcd. The last examplc is the prohlcm of the 
simply supported bearn umlcr its own wcight. Fig. ·12.8 Úlustrates this 
beam in its undeflectcd and dcflcctcd positions. Although thi~ bcam rnay 
be con~idered. for stru<;tural purposes as a special case of the simply sup­
¡JOi'ted beam undcr a uniforrn load, it is also of interest to obtain scale-

DJ:-olt::"':<ION:\1. A:S:\LYSJS 

--lp-----~1 

R. -.!.A. m- 2 P 

Ar::a 

~ lm= f --l-{e=+-{f~ 
P= f'm + Pp = 3P¡,/2 

Ymmcu = .Yp_mox if Ep = Em ond Pm =). P¡~ 
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Fro. 12.7. Cantilever hPam~ a~semhl~· applying tite 8caling law y.,.,,.."'· 1',.. Ev 7/vmas 

Th 1 4.8 h Id · pp E,.. -,_-. 
e Jar. B ou remam horizontal if Ev = B., and [>.,. = A /'p. 

. Fm. 12. K Simply ~upporkd hf'am und('r itH own wcight. 

factor laws rclating thc dcr1s'rt 1'c · · 1 t 1 h · ¡ 
. ' S •lll( O ·llf'r p ysrea (~OIIStants Of the rnodc) 

to t~e. correspondmg quantit.ics in thc prototypc. Lct i' nnd "Y be the 
de,~o.;JtiCs of the modcl and t.hc prototype respectivelv: "' • 

l• rom Eq. (12.4~a) and the Jact that • 

Q .. = i' .. A~ = 1' .. (11.2 A,) 
we concludc that to ha ve y - ti ... J f 1 · 
of h d . '" - Yp, IC .sc,l e- actor aw rclatmg thc den~ity 

t e mo el to thc dcns1ty of the prot.otype must be gi·;en by , · · ', 

p 
'Y"' = -¡:f¡~p 'Y p (12.47) 

If E ... = E,, the scalt~-factor law reduces to 

lf it .were desirable to have u 
densitics is given- by "' 

(l2.47a) 

rrp, then the scale-factor law relating the 

(12.-!8) 
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and as a rcsult the rclation bctween the deflections Ítl given by 

'E, 
y,.. = " E ... y,. (12.49) 

If the modcls werc made of the sa~ne material, then it is casily seen that the 
scale-factor laws for the stresses, deflections, and moments would be given 
respeetively by 

u,.. = Xu" 

y,. = X2y" 

.l.f., = .\4M" 

(12.50a) 

(12.50b) 

(12.50c) 

Use of 1'wo Scale Far:tors. S·•nwtilll:'S it becomes GcinveniPnt to havc 
two factor::;: one (call it .\) for ~.ilP ¡,.n,.dtudinal di:ncm;iow;, :11:J thc sccond 
(call it 71) for transversal dim~nsion~·. Thus tlw Jimensions und mcehanical 
constants of a be:un mi~ht bE: l.,. = X!,, :e,.·= Xx,, A .. = 17

2A", l .. = ~·¡"' 
C .. = r¡~C.. In the first cxamplc above for the simply supported bcam 
under uniform loading thc equation relating thc deflections becomes, 
using these quantitics, 

(12.51) 

lt is obvlous that the cquation rclat ing the bending moments is identical to 
Er¡. (12.42b); However, thc equation rclating the stresscs becomcs 

o .. ;\.2 
U.., = Q~ Tja Up (12.52) 

Thcrefore the scale-factor law relating the loads nccessary to makc u" = u'" 
is ;si ven by · 

(12.53) 

Thc scale-factor law relating the dcflcctions is then given by 

(12.54) 

PART 3 

GRID M:ETHODS 
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CHAPI'ER 13 

GRID l\1ETHODS 

13.1. Introduction. The fir::¡t simple idea that comes to mind for the 
detcction of surface strains in a model is to put a grid on its surface and 
observe the distortions of the grid as the load is put on. For rectangular 
grids, if the initial and final spacing of the grid lines as well as the change 
in Icngth of one of the diagonals of the elementary squares are measured, 
the principal strains and principal directions can be calculated easily by 
the rosette formula. For other types of grid geometries, for instance, 
polar grids, similar measurements can be made and the strains determined. 
There are various methods of putting the grid on the specimen and of 
measuring the distortion of the grid under load. The methods of putting 
on the grid will be discussed first. 

13.2. Methods of Putting on Grids. a. Hand Scratching. For plates 
made of relatively soft, transparent materials Iike plastics, grid lines can 
be hand-scratched on the front face by a sharp razor blade guided by a 
:;traightedge. For these thin scratches to show, the Jight source should 
come from behind the specimen. The scra.tches will then appear as thin, 
durk lines against a light background. Filling thé scratches with ink 
will also increase the contrast. This method is the simplest and the Ieast 
expensive, but the grid Iines cannot be spaced with prccision. 

Circular scratches can be obtained by using a compass with a sharpened 
point. The scratches obtained in this way, however, are not so thin as 
those obtained using razor blades. 

b. }1[ achine Scribing. Grid lines can be scratched on the surface of the 
model by machine scribing. The lines obtained are well defined and 
evenly spaced. . 

c. Ink Drawing. For rubber modeis which cannot take scratches, the 
grid lincs may be drawn in ink by hand. In measuring the spacing between 
two lincs, the centers of these lines must be estimated. Since the error 
of this estima te increases with increasing thickness of the lines, the accuracy 
of this method will be higher with thin lines. An alternative is to try to 
draw relatively thick lines but with sharply defined edges. Measurements 
are then mude from the edges rather than f~om the centcr of the lines. 

Grid · lines can abo be drawn in ink on transparent plastics to study 
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i.;rrre dl;foim:;ttions. An example of ink lin~s drawn on a Lucite sheet, 
to :tudy its 'íormability propcrties, is s!town in Fig. 13.1. Using vacuum, 
a sphcré wás produced in the center of t~e sheet, nnd th_e amount ?f 
pennanent Htrain introduced wn.s deter·mmed by comparmg. tbe gnd 
.dn thc sph;erical part to the grid ,011 the undcformed sheet. . 
. d; Rubbi;r Threads. For soft porous materials, thin rubber threads of 
about O.OOS in. in diamet~r can be firmly glued on the spccimen by latex. 
Thc threads ha ve a very low modulus of. ebsticity so that their. efTect 
~n the rigidity of the spccimcn is negligible. Because threads are m~nu­
fnctur~d by the extrusion process, they_have uniform thickness and stnught 
sides. ' 
, e. Phf}togrid. A fine grid can bé printed on the surfac~ of the modcl. by 
1
photographic means. The surface is first cleane~ and h~htly roughe_ned 
by rubbjng with fine pumice. It is then coated wtth a tht~ !ayer of htg_h-

lcontrast Iight-sensitive emulsion. Many types of emulswns are satts-
1iactory for this work, for instance, those_used by Brewer and G!asscot 
or by ~Ellet. t Generally four or five thm layers are sprayed at about 
1-'rnin intervals to allow the layers to dry. Thc model should be kept out 

. ¡of thc light betwcen sprayings and under subdued light duri~g sprayings. 
¡PrÓvisiqn shpuld often be made for fume removal. After drymg, a n:aster 
:negatÍ\'e is placed in close contact with the ~odel. Ex~osurc to an. mten­
! sive Iight source is made. To sccure maxtmum clanty of the !mes, a 
· ~aeuum prihting frame is prefcrred. The development ?1 the expo~ed 
e~~lsion th~n follows the procedure set clown for the partteular emulswn 

'used. ( ! • • 

·~' To make the master negative, a plate glass lS first coated wtth wax. 
. A finé grid is ruled on the plate glass. These lines are etched and filled 
· • ~vith Jead sulfide. The master negative is then obtained from the master­
. grid by c?ri~aet printing. In this way master negatives of I?O lines ~er 
· inch with a. :maximum of ± 1 per cent deviation from the nommal spacmg 
of 0.01 in. !hay be obtained. This deviation becomes negligible_ o!).ly for 
Jarge stra¡n·s involving 50 pcr cent or more elongation or _shortenmg. F~r 

· sueh cases measurements need be made only on the spacmgs under max¡­
. mum Ioal and no measurements are made on the initial spacings u_nder 
. zero J~ad,ibecause the nominal spacing can be taken as the initial s~acmgs, 

An exa~p!'e.of a photogrid on an aluminum sheet is shown on Ftg. 13.~. 
i }. Emb~dded Rubber Threads. Thc grid method ca_n also _be _used m 
. conjuncti~m with soft transparcnt plastics. For th~s apphcatwn the 
. grid network is constructed of thin rubbcr threads whiCh are fastencd to 

; tG. A .. brcwcr, and R. B. Glussco, Dctcrminntion of Strain Distribution by the 
Photogrid l'roccss, J. A'"ronaut. Sci., vol. 9, no. 1, pp. 1-7, N?vc~1bcr, 1!).-tl.. 

1 'tJ. A. 1\Üllcr, Improvcd Photogrid · Tcchniques for Dctcrmmutwn of Stmn~ over 
·SI¡ort Gagc I'.cngths, !'roe. Soc. E.rptl. Strc.•s Anal., voL 10, no. 1, pp. 20-34, 195 · 

:. .' 



GRID !\!ETHODS 307 

_-,.. 

.-... -. 
\ .· .... ~ 

,:: 

F10. !3 .l. Grid linea drnwn in in k used to study formnbility propcrties of trnnsparcnt 
plu.st1cs. Thc sketch Rhows a central cross scction. 
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- __________________ ;,_.___ ___ __, 

,,'$· ·' ;.,Al:' . •.".:,, ¡n:·_..!.','- '¡;_ -----·---~ ----·-·-----

F10. 13.2 Photogrid npplied to the surfuce of nn nluminum Alelad 24-SO sheet. The 
photDgmph nt right shows the distortion produ~ed by forming. (l3rew~r nnd G!:J.ssco.) 

the edges of a mold. The soft plastic is then cast around the network. 
The propcrties and the manufacturing details of a typical soft material 
used can be found elsewhere. t In this manner, the grid can be located 
at any desireu po.~it.ion in the moJel. In cases where the grid is cementc>d 
to the ><urfaee of the model, the light transmitted through the model is 
rlistorted sornewhat, since the btex cmulsion build~ up arounq the threads, 
and the lig;ht rays are rdrnetcd by thi:> unevcn surface. \Vhen the grid 
.is embedded in the moc.lcl this difficulty is not encountcred. Fig. 1:c1a 
·shows a photog;raph of a mold with the rubber thread grid in place prior 
to pouring. As can be scen from thi~ phoÚ>graph, the grid can be placed 
.at any dcsired distance from 'the surf~ce of the model, and the grid lines. 
can be easily spaced at intervals as close as n in .. Fig .. 13.3b shows a 
curcd sheet of the pl::J.stie with the embedded grid in place. Fig. 13.3c 
shows a typical mude! maehined from a sheet of the material. Sheets of 
the material can he cast, in any desircd size and thickness. 

This method can be used in threc-dimensional, dynamic, and plastic 
de''ormation studies. 

13.3. Methods of Measurement of Grids. There are· two common 
mcthod:~ for the measurcment of the distortions of the grid lines. 
¡l. For strains that remain after the load is removed, a micrometer 

micro:;cope can be u:-;ed to measurc the spacings of the grid lines directly 
ou the :-;pecimen both before a11d after the loading, or only after the loadin~ 
if thc origin,al 'spacing is accuratcly known. For elastic strains the. dis-

. tA. J. Dt~rl'lli ami\\'. F. Wley, Dcvclopmcnts in thc Grid Mcthod of Expcrimcntnl 
:Stress Annl~His, !'roe. Soc. Expll. Stress Anal., vol. 14, no. 2, pp. Ul-100, 1U57. ,.. 

... 
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Fra. 13. 3. A series of photogruphs showing various stuges in thc prcpar:úion of a photo­
elastie model with an embedded grid. (a) A mold with the rubbcr tlm·aJ grid in place 
prior to casting. (b) A sheet of curcd plastic with the cmbedded grid. (r) A model 
machined from the siieet. 

tortions of the grid will be. gone after the load is removed so that this 
method cannot be used. If the s'trains at only a few points are needed, 

. measurements directly on the specimen can be made by the microscope 
while the load is on. Whcre a large number of measurements is to be made, 
these measurements bccome difficult to conduct · and the method given 
bclow may be.uscd. 

2. Two pictures of the specimens are taken, one at zcro load and the 
other at maximum load. '!'!:tese wil! furnish a permanent record of the 
distortion of thc grid, which can later be examined at ease-:--l\fcasurements 
on the spacings of grid lines are rriade on these two pictures instead of 
on the spccimen. Two important sources of error in this mcthod must 
be carefully guarded against. First, photographic paper usually shrinks 
with time. :i\feasurements on the same print on diffcrent days often 
show discrepuncies of the order of the strains due to the strcsses. Glass 
plates, though more expensive, are therefore prcferred. Second, often 
owing to sla:ck motions in loading 'mechanisms, the speeimen may move 
a Jittle during the loading process. Since the camera is usually unaffccted 
by the louding, there will be a relative motion betwecn specim~n and 
camera c:1Used by .the loading. The component of this rclutive · motion 
in the plane of the specimen does not change the distauce between the 
specimen nnd camera so that the size of the image formcd on the plate 
will not be changed. But the component in the dircction of the camera 
will chp.nge the size of the image and oftcn cause a serious error in thc 
computed strain. For instancc, let P 1Q1 reprcscnt an object placed at a 
distancc d from the center of thc lens (Fig. 1:3.4). Lct P·'Q; beits imnge 
formcd on the photographie plate at a distnnce d' away from the center 
of thc lcns. Lct the object be displaced to ils new position P2Q2 withm~t 

rr..!> METIIODS 

FIG. 13.4. Error introduccd in photogmphic strain measurcments due t.o movement ·, 
' of specimcn. 

changing its length. Then the new image \Vil! be represented by P'Q~. 
Using the properties of similar triangies, we have 

l h 
d' = d 

l + lll h 
-d-,- = d - !!.d 

: Taking the difference of. the above two equations, we have 
1 . . 

lll h l!.d 
d'=dd-lld 

(13.1) 

(13.2) 

(13 .3) 

iBy Eqs. (13.1) and (13.3) we obtain the apparent strain e.p due to the 
movement .of thc specimen, 

lll !!.d 
E.,. ;: T = d - lld (13.4) 

! -
¡At cach point in-the .specimen this apparent strain is the same in all 

directions; hcnce it is a hydrostatic strain: In general, the amount of 
displacement in the directiou of the camera may be differeut at diiTerent 
points so that this hydrostatic strain may vary from point to point in the 

' · specimen and is not uecé;sarily homogeneous. An idea of the magnitud e 
. of. the error involved in experimcnts using flexible loading mcchanisms 

... 
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having slack motions can be obt1iined from this numerical cxample. Let 
d = 10 in. and !::id = 0.01 in.; then, by Eq. (1~.-t), Ea• = 0.001, which 
may be larger than the strnins caused IJy tho loading. Such small movc­
ments of the speeimcn will not throw the image out of focus so that the 
presence of. the error cannot be detected through inspection of the image 
to check whether it bccomes blurred or not. Since thc slack motiori of 
most loading mccha!Íisms will have takcn place by the time a small load 
is on, it is advisable to use a fraction of the maximum load, say, onc-fifth, 
as the initial load, to take two pictures, one at this load and one at the 
maximum load, and to mensure the change of strain due to the increase 
of load. Where portions of the specimen have zero or known strains 
under load, these. can be used to compute the motion of thc speeimen. 
Usually thc hydrostatic apparent strain docs ·not vary apprcciably from 
point to point so. that it can be taken as the samc fór all points and a 
single correction applied to all the measured straíns. 

13.4. Determination of Stress Concentrations by Fischer's Method. 
Suppose we have a number ·ar poínts A 0, A 1, ••• ; A" on a straight Iine 
parallcl to the X axis (Fíg. 13.5). Let X 0 , X 1, • ._.",X" be the X coordinates 
of thcse points bef'ore the body undergoes deformatíon. After deformatíon, 

Fm. 13. 5. Fischer's method of determinntion of stress concentrations. After dcformntion, 
AoA. ia displaced to A~A,!. 

suppose these poínts move to theír new positions A~, Af, .•. , A!. Let 
X~, x:, ... , X! be the X coordinatcs of thcse new positions. By dcfinition, 
the displacements in the X direction, denotcd by u, are X~ - X

0
, X~ -

.X1 , ••• , X~ - X" for the points Ao, A~o ... , A,., respectively. If·we plot 
thcse displaccmcnts against the X coordinates of the undeformcd positions 

::.12 r.HJD :'\! ETHODS 

• · 1 · of po¡"¡¡ts a a · a (Fi"' 1~.6). If · cf thl' puintl', wc oot::un a llllllt Jet · o, •• • • .' , • . ..,. 

• . . . '.1 c-r¡J(J'Jth cuí-ve thruurrh thesr points, thcn thc slope of the eurve, \\ l' p,LS~ ' •'• . o . f l • 
1 ¡ ¡ r wiJI gin~ the strain in the X direetiou, Ez. Tlus method o P ott!llg 

( 11. 1 • , , . r· 1 t I t h . 
. the u.r eun·e at:d obtaining t, from it;; slope was due to : 1sc 1er. . . as 

severa! advantagcs over the usu:i~ mcthod of calculatmg the strm~: 
(1) A point \\"hieh deviatcs cxccss¡vely from thc smooth curve can 

¡ . 

FIG. 13. 6. Fiseher's method of dctcrminution of stress concentrutiuns. The slope of the 
curve nt each point givcs thc strain at th~t point. 

discovered irnmediately from a glance at this ux curve. · Measur~ments 
on this point can be ca.rcfully ehccked again to detect a probable m1stake, 
or if that is not possible, the point is discarded. (2) In the usual method, 

' · · h · 1 A A' · o puted bv the formula the average stram m t e mterva 1 2 ~s e m . w 

tz <= tl.l/l or 

E = • 
(x; - xD - (x2 - x,) 

x2- x, 

This corrcsponds to'th~ slope tan a of the chord a1a2 in Fig. 13.6 .. Similarly 
the average. strain in the intcrval A 0A 1 is given by the usual mcthod as 
the slope of the chord a0a1• The strain E. at A1 "is then taken as the mean 

tG. Fischer, "Versuchc ubcr die Wirkung von Kcrbcn an el:.tstische _bennspruch~n 
Bic.,cstahcn," disscrtntion T. H. Anchen, 1!!:~2, VDI Verlng G.m.h.h:, Dusscldorf, 1!>32. 

. " 
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slope of ·the chords a0a1 and a1a2 • This mean is close to the slope of the 
t.allg;Cilt at a 1, !'O that here the accuracy of the USUal met}lod, though not 
so good as Fischcr's mcthod, is almost as good. At or near a stress concen­
tration (for instance, A3 ); howcver, thc average of the two slopes oí the 
chords a7a3 and a3a4 is much lower than t.he slope oí the tangent through a3. 

The ordinary method therefore misses the peak strain, whercas Fischer's 
mcthod ducs not. For the deterrninatiori oí stress concentration, Fischer's 
method is )thercfore always prcferred. 

13.5. Determination of the Distribution of Stresses in a Plate with a 
Circular Role, under Unidimension~l Load by the Rubber-model Method. 
Thc problcm of the hole in a plate under tension was investigated by the 
rubbcr-model method. A rubber sheet 36 Íl}. in length, 12 in. in width, 
and í in. in thickness was used (Fig. 13.7). A circular hole 1 in. in diam-

Fra. 13.7. Test setup for rubber sheet (36 by 12 by U in. with a 1-iu. holc strctchcd in 
its plane). The grid is drawn with India ink. Thc sheet rests on ball bearings to decrease 
friction. 

eter was drilled in its center, and a constant deformation was applied to 
the sheet by means of a turnbuckle. When the sheet was hung vertically, 
it. was íound that the dead weight of the loading jig and rubber sheet 
produced enough strains to distort the circular hole. To avoi.d th~s, .the 
sheet _was therefoi'e placed in a horizontal position. To avmd ínctwn, 
the sheet wá; supported on hall bearings, as shown in Fig. 13.8. · On the 
rubber sheet a fine grid was drawn with India ink (Fig. 13.9). Both 
polar and ca;tcsi~n-coordinate systems were used. The distance between 
lines varied from 1/32 to ! in. · 

Photographs of the sheet were taken íor. a small initial.loa~ and íor 
increasing ::unounts oí load. The camera setup is shown m F1g. 13._10. 

. The photograph oí the grid at about 10 pcr cent longitudinal deformatwn 
is shown in Fig. 13.11. Photographic p!atcs and not film& wcrc used: 

The first obvious feature of the photographs is that the drawn CJrcles 
become ellipses after deforrnation. The cirele on the longitudinal axis 
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Fra. 13. 8. Ball bcarings u sed to snpport the rubber sheet loaded horizontally. 

of thc sheet a\\'ay from the hole and- the two ends elongates longitudinally 
and contracts trnnsversely. With the micrometer microscope, it is easy 
to mcasure on the two photographic plates the Jengths of the longitudinal 
and transversal diameter before and aft~r deformation. Dividing the 
change in length by the original length, the two principal strains are 
obtained. The ratio bctween them is Poisson's ratio, since the transversal 
stress is ncgligible there. 

It is also obvious that, although the directions oí the axes oí the ellipse 
on the longitudinal axis oí the plate remain longitudinal and transversal, 
the axes of the other ellipses shifted. The directions oí thcse axes are the 
directions oí the principal strains and strcsses. 

Supcrimposing the original cirele on the deformed ellipse, as shown in 
Fig. 13.11, the strains in all directions become apparent. These strains 
n.rc proportional to the distance between the circle and ellipse. (The 

. circlcs should be small íor this to be true.) 
1

1 ¡ The h~lc in the plate becoines .elliptical; its axe~ coi_ncide .with the a~ 
of the platc. In the polar-coordmate system radwJ !mes d1verge -prorru­

L ncntly at the boundary near the transversal axis and converge at the 
/
1 

b'oumlary ncar· the longitudinal axis, making it easy to understand the 
' t\vo fundamCJttul facts produccd by the hole: 

1. There is an extra elongation at the boundary on the transversal axis 
(strcss-concentration phenumcnon). 
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FIG. 13.10. Camera arrungemcnt in the rubber-shect test. 

the ceriter of the holeare obtained by micrometer-microscope measurements 
on the hvo photographs, one at a small initial load and the other at about 
10 per ccnt longitudinal deformation. Fischer's method was used. The 
uniform longitudinal strain at the portian of the plate midway between 
the hole and the clamped ends is also measured. These measured strains 
are translatedinto stresses by the stress-strain relations. The ratios of 
the' stresses on the transversal axis to the stress in the uniform field are 
computed, plottcd, . and compared with Howland's theoretical values 
(Fig. 13.12). · Thc agreemcnt is fair. It was found that the stress-strain 

Fie. 13. 9. Grid systcm uscd in thc rubbcr-shcet test. rclationship for the particular rubber used (Hevea natural rubber 28.5%, 
fillers 5G.3%, vulcanizer 8.6%, · sulfur 3.1 %, oils 3.5%) is practically · 

2. There is a contraction at the boundary on the longitudinal axis. ; straight for strains not largcr than 10 per cent. The modulus of clasticity 
Since at free boundaries the state of stress is unidimensional, this contrae- was thercfore assumed to be constant. Its value did not enter the final 
tion demonstrates the existence of a compressive stress. 1 result because only thc stress ratios, not stresses, were calculated. Pois-

The longitudinal and transversal strains on the transversal axis through son's rat~o of the rubber was assumed to be 0.32 in the computations. "' 
A point (r = 2.12a; 8 = 28°17') was arhitrarily sclected for thr termina-
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Fra. 13.11. Rubbcr sheet U!!_der about 10 pcr ccnt clougution. 

tion of stresses from mcasurcd strains. Three strains were measured 
(longitudinally, trausversally, and at 45°), and the principal stresscs and 
principal dircctions wcre calculated by the rosette formula and the strcss­
strain relations ('Fig. 13.13). Here also, the check with values obtained · 
by Kirsch's formula is fair. 

Cni:> :-.rETIIODS 

2o=1" 

2.0 

1.0 ---+--

1 e 9 ,o--,,--,z 

FIG. 13 .12. Distribution of stress on the transversal a.xis of a platc with a circular 
holc, undcr a unidimensional uniformly distributcd load. (Compurison of thcory and. 
rubbcr-modcl mcusurcments.) Poisson's ratio of rubbcr is tnken ns O .32. 

CT¡ 

D'z 

a 

2a = 1" 
r = 2.12a 
e= 28°17' 

Theoretical 
vulue 

(Kin~ch) 

0.9240'oO 
-0.1G8a.0 

12 "20' 

Experimental 
vu.lue 

0.938aoa 
-0.190D'oO 

13°10' 

FIG. 13 .13. Thcorctical and experimental dctcrmination of stress and strain at uny 
point on a plu.tc with 1\ circular holc. undcr unidimensional unifonrt.ly distributcd load. 
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13.6. Determination of the Stress-Strain Relations. of a Rubberlike 
Material. The rubbcr-thread method was used to determine the stress­
strain relations of a rocket propcllant. The thread used has a diameter oí 

. 0.008 in., and was glued on the specimen Ly latex. A series of motion 
pictures wcre taken ón the speciinen as it was loaed to failure. 

l\1easurements were made on these pictures by means of a comparator 
and the stress-strain cur\'e plotted. Owing to the large dcformations · 

· involved, true stress and natural strain ,\•ere used. Figure 13.1-1 shows 
picturcs of the specimen befare loading, duriug loading, and aftcr failure. 
The straight rubbcr threads become wavy u'nder loading. This strongly 
indicatcs that the material is n9t homogcneous. 

$~-. 

·")::!o •••• :··t•• 

( 

l 
J 
J . 

~ ....... ~~ ...... ~.llíi.jill ; 
.. ·--- --···· --~ . ~-~- ··- ----~ . .. .:. 

FIG. 13.14. Rubber-threád grid cemented toa rubberlike-material, tensile specimen. 
The photogrnph at the left shows the unloaded specimen. The photograph ut the right 
shows the specimen after failure. The photograph i11 the middle shows nonhomogeneous 
strain produced by hcterogencity in thll' material. · 

13.7. Grids for Point Location. Sometimes in experimental stress 
analysis, in partic!llar in connection with photoelasticity and the brittle­
coating method, it is found convenient to have a grid on the specimen to 
help in the location of points. When the specimens are of complicated 
shape, this is often a necessity .. The grids are then used, not tomeasure 
stn:iins, but to allow a precise location of the points whcre strains or stresses 
are dctermined, and they often coincide with a coórdinated system, either 
curtesian or polar. For photoelastic applications these grids are often . 
scribcd on the surface of the plastic specimen. For brittlc-coating appli­
cations the grids are usually drawn with Dykem Steel Blue, An example 
of grids on brittle-coating specimens is shO\Vn in Figs. 17.2 and 17.3 of 
the chapter on applications of brittle c'oating. An cxample of grids on 
photocb~ ~pecimens is shown in Fig. '13.15. 

(ilt!D :\1 ET!IODS 

F10. 13.15. Grid sc;ibed on a photoclastic specimen to allow a. precise location of the 
points. \vhcrc strcsses are determined. The grid lines were scratehed on a plastie model 
by mcuns of u shurp-point stecl scribcr. 

13.8. Determination of the Distribution of Strains in a Disk under 
Diametral Compression. To use the embedded-rubber-thread tcchniquc, 
n sheet of plastic was moldcd about a grid of rubber threads, and then 
curcd for two days. A disk was thcn machined from the sheet and pln.ced 
in ~ loading frame. Since the pln.stic had photoelastic propcrtics the disk 
and lo.ading frame \vere placed in a field of circularly polarized light. 
Fringe pattcrns nnd the grid network werc photographcd simultancously. 
Thcse data are illustratcd in Fig. 13.16, which shows (a) a light-field photo­
graph ldm~ th~ l11ad was applied, (b) a loadcd photograph o 1 tlistor-
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( b) 

Fm. 13. 16. A series of photographs showing complete photoelastio-a.nd grid displace- . 
ment data. (a) A light-field photograph before t)le load was applied. The fringe at the 
point of support is due to the dead weight of the disk. (b) A photograph of thc grid 
displacemenis after the loa~ was applied with the polariscope elements removed. 
(e) A photogra.ph of the light;-ficld isochromntics and grid displacemcnts. (d) A photo­
grnph of tbe dark-field.isochrqmatics and grid displn.cemcnts. The black circles in (a), 
(b), and (e) are a reference sph~re used to compensate for film shrinknge. Data obtained 
from the grids are sufficient to'solve the elastic problem. 

. 
tio.ns only, (e) light-field isochromatics and grid distortions, and (d) 
tlark-field isochromatics and grid distortions. Only Figs. 13.16a and b are 
necded for the $rid analysis. These two photographs give all values of 
strain and by use of E and "all values of stress. However Figs. 13.16c 
aud d will be used for comparison. 

An enlarged view of the isochromatic pattern and thc grid distortious 
in the neighborhood of thc load are shown in Fig. 13.17. . 

A fixed refercnce should always be placed in the field of thc photogruphs 
to compcnsate for possible errors which could be introduccd by film 
shrinkagc. In this study a small sphcre wn.s uscd, as seen in Fig. 13.16. 

Thc photographs of the disk were tnkcn .on a difTused-lighh polariscope, 
and both a mcasuring microscope and an optical comparator wcre u:o:cd to 
makc the grid mcasuremcnts: It is bclieved that thc optical measurcmcnts 
of grid displ:tccments are accurate to ± 0.0002 in. 

r.um ~r.TJ-IODS 

}'IG. 13.17. An ¡;!nlarged view of the photoelastic isochromatics and grid displacements 
in the neighborhood of the point of application of the load. 

In order to compare the photoelastic results with the ~train m~n.sur~­
mcnts dctermincd from the grid displacements, the followmg rclatwnshlp 
was dcrived. From thc pln.nc-strcss equations in Exercise .6.3, 

E¡ = ~ (cr1 - PO"~ E2 = ~ (cr2 - PCr¡) 

Thc difference in pri~cipal strain is thcn fouud to be 

. 1 + " ( ) 
-·E¡ - E2 = ~ 0"1 - 0"2 

· · f · · 1 stre"'s dr'ITer·crrcc to principal strain difTcrence is ·:Thc r:ttiO o prmc1pa ., 
ithus a 'coustant. 

u. - cr2 E 
E¡ - E2 = l +JI 

_ ... · 
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Thc JifTerc~nee in priJJcipu) stress was computed for thc horizontal· nnd 
vertical di:urwtcrs of the disk using thc phoLoclnstic isoehrumatics and 
the !ringe valuc for.the material of 0.54 psi in./fringe. Thc two principal 
stra1:1s n-ere dctcrmmed for the two diumcters from thc grid displaccments 
by F1scher's method. The !3tmin diiTcrence was thcn computed and plotted. 
The resul}s of these calculations are prcscntcd in thc form of thc curves 
shown in Figs. 13.18 and 13.19. A comp:uison between thc photoelaf'tic 
and grid network rcsu!ts is sbown in Tables 1 ~.1 :wd ¡ ~.2. 

TABI.I!: 13.1. HumzoNTAL D1.uu:n:n 

l'osition ul - 0"2 
C1t -a, 

E1 - ft ---
fl - f't 

psi psi 
----------

O. ID 3.26 o.oo5a Gl2t 
0.2D 7.80 0.0183 . 426 
0.3D 13.40 

. 
0.0320 419 

0.4D 18.55 0.04:J3 427 
0.51> 20.55 0.0490 419 -

' 

Position 
O"J~~j 0"1 

0"1 - O'f 
El - E, ----

fl - ·f, 

psi 

O. ID 3U
1
.70 0.090 441 

0.2D 29.80 O.OG9 429. 
0.3D 24.00 0.058 424 
0.4D 21.60 0.052 415 
0.5D 20.55 0.049 .419 

tNot used f•Jr thc statistical mcasurea. 

From the data .of.Tables 13.1 and 13.2, statistical mensures of the quan­

tity u. - u2 wcre calculated as indicated bclow:. 
E1 - E2 

a. Mean = 424.3 
b. Standard d~vi:J.tion = 7. 76 
c. Cocfficicnt of variation = 1.83 
Thc rcsults presented in Tables 13.1 and 13.2 show that the strain 

mc:1.surements correlc~te vcry wcll with thc photoclastic rcsults. Exccpt 
'in the rcgion of vcry 1ow strains ncar the boundary of the disk and in the 

region of high strain gradicnt _ncar the point of application of thc load, 
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FIG. 13. 18. Photocbstic and grid mcasure!l}cnt rcsults for thc horizontnl diameter 
of the di~k. 
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FJO. 13. 19. l'hotoclastic and grirl mca.surernent rcsults for t.he vertica.l diameter of 
the disk. 

the coefficicnt of vnriation is lcss than 2.00. 
computed independcnt1y was found to be 420. 
with_the mean of the disk rcsu1ts, 424.3. 

The va1ue of E/(1 + v) 
This compar< ·worab1y 
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In addition to the comparisons of Tnbles J 3.1 and 13.2, a static cqui­
lihrium check \\;as conducted by determining the dil:itrilmt.ions of u. 
across the hori:wntal diameter from the mcasured strains and the elastic 
constants of the material. The total normal force across the diameter 
checkcd to within 2.5 pcr cent of the applied load. 

The usefulness of the method is limited tocases in \vhich large deforma­
tions of the plastic do not produce appreciable changes in the boundary 
conditions. It is obvious in Fig. 13.17 that the distribution of stress at 
the zone of contact. is very different fr~m the corTcsponding distribution 
produccd by a load conccntrate~ at a point. This Iimitation is. nl!-lo en­
countered in other methods of stress analysis such as the "frcczing" 
technique in th¡·pe-dimensional photoebstirity. 

Points on the 
longitudinn.l grid line 
tangent to the holc 

o 
1 
2 
3 
4 
5 
6 
7 
8 

1· .Distance men.sured from point O, in. 

Platc not loaded 

o 
0.018 
0.034 
0.057 
0.073 
0.098 
0.111 
0.136 
0.1G2 

Plate loaded 

o 
0.027 
0.053 
0.089 
0.116 
0.158 
0.181 
0.222 
0.2GI 

FIG. 13. 20. Use of Fischer's method to determine thc stres~ concentmtion nt the hound­
nry of a hole. 
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EXERCISE 

Determine the average strn.ins in the eight intervals on the line AB (Fig. 13.20). 
From these n.verage strains compute the strains at the seven interior points 1, 2; ... , 7. 
Determine the strains at these seven interior points n.gn.in by Fischer's mcthod, and 
calculn.te the per cent difference between the results outained from these two methods. · 
Determine the strains a third time using Fischer'B method; however, in addition, take 
advn.ntage of the symmctry in respect to the transversal axis. 
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